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FOREWORD 


Professor  Nicolaas  Bloembergen  (then  Rumford  Professor  of  Physics,  now  Gerhard  Gade 
University  Professor  at  Harvard  University)  was  invited  by  the  Indian  Academy  of  Sciences,  of 
which  he  is  an  Honorary  Fellow,  to  occupy  the  Raman  Chair  in  1979.  Professor  and  Mrs. 
Bloembergen  visited  India  from  September  to  December  1979  and  were  in  residence  at  the 
Raman  Research  Institute,  Bangalore. 

Prof.  Bloembergen  gave  six  lectures  at  a  discussion  meeting  on  “Nonlinear  Optics”arranged 
by  the  Academy  at  the  Indian  Institute  of  Science,  Bangalore.  He  also  delivered  the  Gandhi 
Memorial  Lecture  entitled  “Reflections  on  Light”  at  the  Raman  Research  Institute  on  2 
October  1979. 

He  travelled  around  India  visiting  universities  and  scientific  institutions  and  establishments, 
especially  at  Kalpakkam,  Trivandrum,  Madras,  Bhubaneshwar,  Calcutta,  Kanpur  and 
Bombay.  He  met  a  number  of  scientists,  held  discussions  and  gave  many  talks  all  of  which  were 
well  attended  and  greatly  appreciated. 

In  response  to  a  request  from  the  Academy  for  the  texts  of  the  lectures  and  talks  he  delivered 
in  India  to  be  printed  as  a  special  issue,  Professor  Bloembergen  felt  that  it  would  be  better  to 
reprint  some  of  the  papers  and  review  articles  published  by  him  in  recent  years.  These  would 
fully  cover  all  the  topics  dealt  with  in  his  lectures,  and  amplify  some  of  them.  We  are  grateful  to 
him  for  selecting  the  papers  reproduced  in  this  volume. 

We  thank  the  publishers  of  these  papers  and  articles  Publications  &  Information 
Directorate,  CSIR,  New  Delhi;  M/s  Elsevier  Scientific  Publishing  Co.,  Amsterdam;  Optical 
Society  of  America,  Washington;  The  American  Institute  of  Physics,  New  York;  M/s  Springer 
Verlag,  Heidelberg,  West  Germany;  Prof.  C.  Cohen-Tannoudji,  Paris;  Institute  of  Electrical 
and  Electronics  Engineering,  Inc.,  New  York  -  for  permitting  us  to  reproduce  them.  We  also 
thank  the  Nobel  Foundation  for  their  permission  to  reproduce  Prof.  Bloembergen’s  Nobel 
lecture. 
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President 
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A  BIOGRAPHICAL  SKETCH 


Nicolaas  Bloembergen  was  born  in  Dordrecht,  Holland,  in  1920.  He  had  his  early  education 
in  Utrecht.  He  got  his  Ph.D.  from  the  University  of  Leiden  in  1948.  The  research  for  his  Ph.D. 
thesis  “Nuclear  Magnetic  Relaxation”  was  carried  out  at  Harvard  University  under  the 
guidance  of  Professor  E.  M.  Purcell,  who  had  discovered  the  phenomenon  of  nuclear  magnetic 
resonance.  His  stay  at  Harvard  was  a  particularly  favourable  break  for  young  Bloembergen,  as 
the  years  following  the  war  devastation  were  very  difficult  for  scientific  research  in  Holland  and 
elsewhere  in  Europe.  Purcell’s  group  at  Harvard  had  been  deeply  involved  with  the  research 
and  development  in  radar  and  had  acquired  tools  for  extension  of  spectroscopy  into  the  radio¬ 
frequency  region  using  radar  techniques.  Bloembergen  immediately  started  work  on  a 
systematic  investigation  of  relaxation  processes  in  magnetic  resonance.  His  early  work  during 
these  years  led  to  the  famous  paper  by  Bloembergen,  Purcell  and  Pound  on  motional  effects 
and  the  narrowing  of  magnetic  resonance  lines  in  liquids,  which  left  an  indelible  mark  on  the  future 
direction  and  development  of  the  field  of  NMR.  In  this  paper  Bloembergen  analyzed  the 
problem  of  nuclear  magnetic  resonance  and  relaxation  in  gases,  liquids  and  solids.  This  paper 
of  1 948,  commonly  known  as  BPP,  is  one  of  the  most-quoted  papers  in  the  physics  literature  in 
the  last  thirty  years. 

While  working  at  Leiden  in  1947  and  1948,  Bloembergen  studied  the  NMR  of  water 
molecules  in  hydrated  copper  sulphate  single  crystals  down  to  liquid  helium  temperatures.  He 
saw  paramagnetic  shifts  for  the  first  time  in  NMR  and  correctly  interpreted  them  in  terms  of 
the  paramagnetic  properties  of  the  copper  ion.  The  large  number  of  inequivalent  protons  in 
these  low  symmetry  crystals  was  correctly  accounted  for.  Bloembergen’s  pioneering  study  of 
copper  sulphate  may  be  considered  as  the  first  experiment  which  led  to  the  subsequent 
development  of  NMR  as  a  technique  to  study  microscopically  internal  magnetic  fields  in 
ordered  magnetic  crystals.  He  also  demonstrated  the  importance  of  paramagnetic  impurities  in 
reducing  the  relaxation  time  of  nuclear  spins  in  crystals  and  introduced  the  phenomenon  of 
spin  diffusion. 

After  his  return  to  Harvard  in  1949,  Bloembergen  started  an  intensive  study  of  NMR  in 
metals  and  on  ferromagnetic  resonance.  His  studies  on  NMR  of  alloys  showed  how  severely 
NMR  lines  are  broadened  by  quadrupole  interactions  and  by  indirect  electron-coupled  nuclear 
spin  exchange.  Thus  NMR  can  be  used  to  study  the  structure  of  metals  and  alloys. 
Bloembergen’s  work  on  metals  during  this  period  was  reported  in  the  classic  paper  by 
Bloembergen  and  Rowlands  in  Acta  Metallurgica. 

Bloembergen  was  naturally  attracted  to  the  maser  problem  in  the  mid-fifties  and  proposed 
the  three-level  and  multi-level  pumping  schemes  for  steady-state  pumping  of  masers;  he  also 
proceeded  to  realise  such  a  scheme  in  the  system  K3  (Fe  L  Cr)  CN6.  However,  greater  success 
was  achieved  by  others  with  ruby  as  the  system.  The  solid  state  masers  are  used  in  extremely  low 
noise  microwave  receivers  in  radio  telescopes  and  deep-space  probes.  They  were  instrumental 
in  the  discovery  of  the  3°  K  cosmic  black-body  radiation,  a  remnant  from  the  big  bang,  by 
Penzias  and  Wilson.  The  Institute  of  Radio  Engineers  jointly  recognized  C.  H.  Townes  and 
Bloembergen  with  the  Morris  Liebman  Award  for  their  fundamental  contribution  to  masers. 

In  the  mid-fifties  Bloembergen,  along  with  Benedek  and  Kushida,  got  interested  in  the  study 
of  magnetic  resonance  at  high  hydrostatic  pressures.  Their  work  led  to  the  separation  of  the 
volume  dependence  from  the  pure  temperature  dependence  of  the  quadrupole  coupling 
constant  in  solids.  They  made  excellent  use  of  the  techniques  developed  by  Professor  Bridgman 
over  the  years  in  the  same  laboratory.  He  later  extended  the  technique  to  EPR  studies  at  high 
_  pressure  with  his  student  W.  M.  Walsh,  Jr. 

Bloembergen  also  pioneered  the  study  of  the  effects  of  high  applied  electric  fields  in  NQR 
and  ESR  and  developed  the  theory  for  these  effects.  In  1959,  along  with  Shapiro,  Pershan  and 
Artman,  he  published  a  basic  paper  on  the  nature  of  the  cross-relaxation  of  spin  systems  in 
solids,  which  has  far-reaching  applications  in  all  aspects  of  magnetic.resonance,  relaxation  and 
masers. 
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The  American  Institute  of  Physics  recognised  his  work  by  awarding  him  the  Oliver  Buckley 
prize  for  solid  state  physics  in  1958.  The  Franklin  Institute  also  awarded  its  Ballantyne  Medal 
to  him  in  1961. 

The  discovery  of  the  laser  brought  about  a  shift  in  Bloembergen’s  interest  to  nonlinear  optics 
in  the  early  sixties.  The  development  of  laser  spectroscopy  and  nonlinear  optical  phenomena 
w'as  greatly  influenced  by  precursors  of  coherent  spectroscopy  in  magnetic  resonance  and 
microwave  spectroscopy.  In  Bloembergen’s  brilliant  and  innovative  work  in  nonlinear  optics, 
one  can  discern  the  deep  influence  of  his  earlier  work  on  magnetic  resonance. 

In  the  first  few  years  Bloembergen  derived  and  demonstrated  the  basic  laws  of  nonlinear 
optics  involved  in  reflection,  total  internal  reflection,  refraction  and  double  refraction.  He 
demonstrated  the  properties  of  the  nonlinear  susceptibility  for  various  crystal  systems  and 
measured  them  in  several  crystals. 

Bloembergen  has  also  made  contributions  to  the  field  of  stimulated  Raman  effect,  photon- 
magnon  interaction,  and  four-wave  light  mixing  spectroscopy. 

In  1974,  along  with  M.  D.  Levenson,  he  published  the  beautiful  work  on  the  two-photon 
Doppler-free  absorption  of  the  3S-5S  transition  in  sodium.  This  paper  appeared  around  the 
same  time  as  those  from  two  other  groups.  Subsequently  Bloembergen’s  work  in  this  field 
developed  this  powerful  technique  for  wider  applications  in  several  areas,  including  standards. 
Most  recently  he  and  his  coworkers  demonstrated  the  effect  of  collision-induced  coherence. 

H  is  studies  of  the  interaction  of  picosecond  laser  pulses  with  solids  include  the  mechanism  of 
laser-induced  breakdown  in  transparent  materials,  multiphoton  photoelectric  emission  from 
metals,  as  well  as  picosecond  induced  phase  transitions  of  crystalline,  liquid  and  amorphous 
silicon. 

Another  branch  of  his  activity  concerns  the  field  of  infrared  laser  photochemistry.  Short  CO; 
laser  pulses  can  produce  highly  excited  states  of  polyatomic  molecules.  The  physical  and 
chemical  properties,  including  unimolecular  dissociation,  of  these  molecules  with  high 
vibrational  excitation  are  studied  by  time-resolved  infrared  spectroscopy.  One  area  of 
application,  for  which  these  studies  are  relevant,  is  laser-induced  isotope  separation. 

Bloembergen  was  honoured  by  the  President  of  the  United  States  with  the  award  of  the 
National  Medal  of  Science  in  1975,  for  “pioneering  applications  of  magnetic  resonance  to  the 
study  of  condensed  matter  and  for  subsequent  scientific  investigations  and  investigations 
concerning  the  interaction  of  matter  with  coherent  radiation.”  In  1979  he  was  awarded  the  Ives 
Medal  of  the  Optical  Society  of  America  for  “establishing  the  theoretical  framework  of 
nonlinear  optics,  his  sustained  innovative  contributions  to  the  exploration  of  all  aspects  in  the 
field  of  nonlinear  optical  phenomena  and  his  success  in  the  role  of  teacher  and  interpreter  of 
science”.  Bloembergen  was  also  honoured  by  the  country  of  his  birth  by  the  Lorentz  Medal  of 
the  Royal  Dutch  Academy  of  Science.  In  1978  he  became  the  12th  recipient  of  this  medal 
established  in  1925  and  awarded  once  every  four  years.  It  is  the  highest  honour  in  physics  the 
Netherlands  bestows. 

Bloembergen  has  written  two  books,  ‘Nuclear  Magnetic  Relaxation’  (1948)  and  ‘Nonlinear 
Optics’  (1965). 

Bloembergen  has  been  on  the  faculty  of  Harvard  University  for  the  last  thirty  years.  From 
1957  he  held  a  Gordon  McKay  Professorship  in  Applied  Physics  and  from  1974  to  1980  the 
Rumford  Chair  in  Physics.  Since  1980  he  has  held  the  prestigious  Gerhard  Gade  University 
Chair.  He  was  Visiting  Professor  in  Paris  in  1957,  at  the  University  of  California  in  1965,  and  a 
Lorentz  Guest  Professor  at  the  University  of  Leiden  in  1973.  He  held  a  Guggenheim  Fellowship 
in  1957.  In  1979  he  occupied  the  Raman  Chair  at  the  Indian  Academy  of  Sciences,  Bangalore, 
which  also  elected  him  as  an  Honorary  Fellow  in  1978. 

In  1981  Bloembergen’s  brilliant  contributions  in  nonlinear  optics  and  laser  spectroscopy 
were  recognised  by  the  award  of  the  Nobel  Prize  in  Physics.  He  shared  one  half  of  the  1981 
Nobel  award  with  A.  L.  Schawlow.  The  recipient  of  the  other  half  was  K.  Siegbahn  for  his 
contributions  to  high  resolution  electron  spectroscopy. 

R.  Srinivasan 
S.  Ramaseshan 
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1.  Introduction 


it  is  indeed  an  honour  for  a  visitor  from  abroad  to  be  invited  to  give  a 
lecture  in  this  series  in  which  many  distinguished  Indian  scientists  have  preceded 
me.  It  is  my  understanding  that  these  annual  lectures  are  dedicated  to  the 
memory  of  Mahatma  Gandhi,  whose  inspired  leadership  was  largely  responsible 
for  the  creation  of  the  independent  state  of  India.  These  lectures  are  also 
dedicated  to  the  pursuit  of  science  in  India.  The  name  of  C.  V.  Raman  is,  of 
course,  a  symbol  for  the  numerous  achievements  by  many  Indian  scientists.  As 
a  Raman  Visiting  Professor  I  hope  to  make  a  small  contribution  to  Indian 
science.  Since  my  personal  scientific  interests,  like  those  of  Raman,  have 
centered  for  many  years  on  the  properties  of  light,  I  have  chosen  as  the  title  for 
this  talk  "Reflections  on  Light".  This  title  reflects  immediately  how  our 
language  and  speech  are  imbued  with  images  and  concepts  borrowed  from  the 
physical  observation  of  light.  The  word  "reflection"  has  acquired  the  meaning 
of  "thought"  as  outside  impressions  are  returned  or  reflected  by  our  mental 
processes. 

Light  and  colour  permeate  the  landscape-!,  our  lives,  and  indeed  the 
universe.  The  non-scientist,  as  well  as  the  scientist,  may  be  intrigued  by  the 
warming  rays  of  the  sun,  the  blue  sky,  the  white,  gray  or  black  clouds,  the 
rainbow,  the  sunrise,  the  northern  lights,  the  glistening  of  wavelets  on  the  river, 
the  halo  around  the  moon,  the  subtle  colour  schemes  in  works  of  art,  the  green 
forests  and  fields,  the  hues  of  the  desert,  the  neon  lights  of  the  city,  the  reflec¬ 
tions  in  the  quiet  lake .  The  list  of  visual  impressions  and  manifestations  is 

nearly  endless.  Raman  was  much  interested  in  the  optical  properties,  colour 
and  fluorescence  of  crystals,  as  well  as  the  colours  of  flowers  and  bird's  feathers. 
He  established  a  fascinating  collection  in  the  Raman  Research  Institute  here  in 
Bangalore. 

The  importance  of  light  and  the  sun  was  recognized  in  all  early  civiliza¬ 
tions  and  religions.  The  presence  of  light  was,  however,  taken  for  granted  by 
the  small  boy  who  answered  the  question  whether  the  sun  or  the  moon  was 
more  important  with  the  statement  :  "The  moon  is  more  important  because  it 
shines  at  night  when  light  is  more  needed."  Light  is  indeed  necessary  for  life 
itself.  The  green  plants  utilize  the  sunlight  to  produce  foodstuffs  by  photo¬ 
synthesis,  which  in  turn  support  the  animal  and  human  population  on  this  globe. 

It  is  no  wonder  that  scientists  through  the  ages  have  tried  to  understand 
the  nature  of  light2.  We  know  that  the  visual  perception  of  light  involves 
intricate  photochemical,  physiological  and  even  psychological  processes.  For 
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example,  many  of  us  have  seen  the  sun  get  redder  and  larger  as  it  approaches 
the  horizon  at  sunset.  Also,  the  full  moon  appears  larger  near  the  horizon. 
While  the  reddening  has  a  physical  explanation,  the  larger  size  is  a  psychological 
effect.  When  one  makes  an  image  of  the  sun  or  moon  with  a  lens  and  views  this 
image  in  a  room,  without  reference  to  the  outdoors,  it  turns  out  that  the  physi¬ 
cal  size  of  the  sun  or  moon  does  not  change.  It  is  a  psychological  effect  of 
perceiving  relative  sizes  and  shapes.  In  the  same  manner  colour  perception  has 
many  factors  of  nonphysical  origin.  We  shall  here  restrict  our  attention  to  the 
physics  of  light,  and  omit  the  important  aspects  of  photochemistry,  photobiology 
and  perception  psychology. 

Physicists  have  generalized  the  meaning  of  the  term  "light"  to  apply  to 
other  types  of  electromagnetic  radiation,  such  as  ultraviolet,  x-rays  and 
radioactive  "/-rays,  which  are  characterized  by  higher  frequencies  and  shorter 
wavelengths  than  light  waves.  Electromagnetic  waves  of  smaller  frequencies  or 
longer  wavlengths  than  visible  light  waves  include  the  infrared,  microwave  and 
radio  waves.  While  these  other  radiations  cannot  be  seen  directly,  they  can  be 
detected  by  other  means.  For  example,  ultraviolet  and  x-rays  can  be  photo¬ 
graphed,  infrared  radiation  can  be  detected  by  photoconductivity,  microwave 
and  radio  signals  can  be  received  with  electronic  equipment.  All  these  types 
of  radiation,  if  of  sufficient  intensity,  can  be  perceived  as  heat  and  their  energy 
content  can  be  measured. 

It  is  one  of  the  most  important  aspects  of  experimental  physics  that  it 
extends  our  senses  a  thousand,  or  a  million  or  a  trillionfold,  and  it  is  the  marvel 
of  theoretical  physics  that  elegant,  yet  relatively  simple,  mathematical  frame¬ 
works  describe  the  myriad  of  manifestations,  in  particular  those  of  electromagnetic 
radiation.  The  same  mathematics  may  be  applied  to  wavelengths  ranging  from 
the  size  of  the  earth,  through  wavelengths  comparable  to  the  diameter  of  a 
human  hair,  to  the  wavelengths  of  visible  light  which  are  a  hundred  times 
smaller  than  this,  and  even  beyond  to  wavelengths  smaller  by  another  factor 
of  a  hundred  million,  where  the  dimension  becomes  comparable  to  that  of 
nuclear  particles  which  are  one  ten-thousandth  of  the  size  of  an  atom. 

The  now  generally-held  scientific  view  of  the  origin  of  the  universe  is  the 
"big  bang"  theory3.  Within  one  hundredth  of  a  second  from  the  beginning, 
the  universe  was  filled  with  electromagnetic  radiation  ("/-rays)  of  incredibly 
high  intensity,  corresponding  to  a  temperature  of  one  hundred  thousand  million 
(1011)  degrees.  There  were  roughly  a  billion  times  (109)  more  electromagnetic 
particles  (light  quanta  or  photons)  than  there  were  fundamental  material  particles 
(baryons).  This  ratio  still  persists  today.  There  are  many  times  more  photons 
in  the  universe  than  material  atoms.  As  the  universe  is  ever  expanding  and 
cooling  off,  the  remnants  of  the  original  "/-rays  are  now  observable  as  the  black- 
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body  microwave  radiation  at  3°  Kelvin.  This  radiation  was  discovered  as  recently 
as  1964  by  Wilson  and  Penzias,  who  shared  in  the  1978  Nobel  prize  in 
physics  for  this  contribution.  It  is  a  fascinating  thought  that  light  in  the  gener¬ 
alized  sense  of  electromagnetic  radiation  is  indeed  a  prime  constituent  of  the 
universe,  at  least  as  important  as  matter. 

In  this  year  we  commemorate  the  100th  anniversary  of  the  birth  of 
Einstein,  probably  the  greatest  scientist  of  this  century.  He  is  reputed  to  have 
said  in  1917,  "For  the  rest  of  my  life  I  will  reflect  on  what  light  is/'  and  in 
1951,  ''All  the  fifty  years  of  conscious  brooding  have  brought  me  no  closer  to 
the  answer  of  the  question:  What  are  light  quanta  ?  Of  course,  today  every 
rascal  thinks  he  knows  the  answer,  but  he  is  deluding  himself."  While  ultimate 
understanding  may  escape  us,  one  may  nevertheless  review  the  knowledge  and 
insights  gained  so  far,  and  then  reconsider  Einstein's  remark.  In  the  next  sect¬ 
ion  of  this  lecture  I  shall  attempt  to  give  an  extremely  condensed  historical  review 
about  optics  and  the  physical  nature  of  light  and  light  quanta.  A  few  remarks 
about  research  in  optics  follow.  The  last  part  of  this  lecture  contains  some 
general  comments  about  the  relationship  between  optical  science  and  society. 


2.  Concepts  of  light  in  history 

Light  was  studied  in  antiquity  ever  since  people  bathing  in  the  great 
rivers  along  which  civilizations  developed,  be  it  the  Nile,  the  Ganges  or  the 
Yang-tse-Kiang,  saw  the  reflection  of  their  own  images.  The  Greeks  and  Romans 
used  mirrors  to  view  callers  knocking  on  the  doors  of  their  houses.  I  remember 
from  my  student  days  in  the  Dutch  university  towns  of  Utrecht  and  Leiden  that 
the  houses  along  the  canal  were  provided  with  mirrors,  so-called"spy  glasses," 
to  watch  the  traffic  from  inside  the  house.  I  did  not  realize  this  was  a  2000- 
year-old  custom.  At  about  214  BC  Archimedes  proposed  to  use  an  array  of 
mirrors  to  concentrate  the  sun's  rays  onto  the  sails  and  rigging  of  the  enemy  war 
vessels  in  the  harbour  of  Syracuse  to  set  them  on  fire. 

The  study  of  the  path  of  light  rays  was  closely  linked  to  the  study  of 
geometry.  Shadows  indicated  that  light  would  propagate  along  straight  lines. 
The  law  of  reflection  was  recorded  in  a  precise  scientific  statement,  that  the 
angle  of  incidence  equals  the  angle  of  reflection,  by  Hero  of  Alexandria  in  the 
first  century.  The  law  of  refraction,  which  describes,  for  example,  how  a  stick 
put  into  the  water  appears  to  be  broken,  and  more  importantly  how  light  rays 
bend  through  a  lens  or  in  the  eyeball,  was  formulated  about  1600  years  later  in 
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Snell's  law.  Eye  glasses  were  known  several  centuries  before  that,  but  their 
use  was  not  common,  even  though  every  older  person  needs  glasses  for  reading. 
Even  Gandhi  permitted  himself  a  pair  of  glasses  among  his  scanty  worldly 
possessions.  Around  the  year  1 600  it  was  still  very  difficult  to  obtain  good 
lenses.  Especially  skillful  artisans  ground  and  polished  glass  lenses  in  my 
native  country  of  the  Netherlands.  Galileo  received  a  Dutch-made  telescope 
which  enabled  him  to  make  far-reaching  discoveries  about  our  planetary  system. 
Van  Leeuwenhoek  could  construct  microscopes  of  higher  magnification  and 
resolution  than  anybody  before  him  and  so  discovered  many  microscopic  bio¬ 
logical  structures.  It  is  important  to  note  how  great  advances  in  science  are 
closely  tied  to  technological  and  experimental  progress.  This  is  as  true  today 
as  was  four  centuries  ago. 


In  the  1  7th  century  Newton  decomposed  sunlight  by  a  prism  into  a 
coloured  spectrum,  and  he  proposed  a  corpuscular  model  of  light.  A  light  source 
would  emit  particles  which  would  move  along  straight  lines,  as  bullets  from 
gun.  It  was  known  that  light  could  propagate  through  a  vacuum  as  demon¬ 
strated  in  the  laboratory  by  Torricelli.  We  now  know,  of  course,  that  starlight 
passes  through  the  immense  distances  of  the  much  better  vacuum  of  interstellar 
space.  Also  in  the  17th  century,  Huyghens  proposed  a  different  model  of  light 
propagation,  based  on  the  analogy  of  propagation  of  waves  in  water.  He  ap¬ 
plied  it  in  considerable  detail  to  explain  the  problem  of  birefringence  in  crystals, 
A  Danish  sailor  had  brought  pieces  of  calcite  from  Greenland,  and  two  images, 
instead  of  one,  appear  when  an  object  is  viewed  through  this  transparent  crystal. 


During  the  18th  century  Newton's  model  of  light  corpuscles  was  domin¬ 
ant,  but  the  interference  experiments  of  Young  in  the  beginning  of  the  19th 
century  could  only  find  a  natural  explanation  on  the  basis  of  the  wave  theory. 
Anyone  who  has  looked  at  waves  near  the  entrance  of  a  harbour  has  seen  how 
two  waves  may  either  reinforce  or  annihilate  each  other.  With  the  subsequent 
theoretical  developments  in  the  19th  century  by  Fresnel,  Maxwell,  Hertz  and 
Lorentz,  the  wave  model  became  firmly  established.  There  was  much  discussion 
of  what  precisely  was  vibrating  in  the  vacuum.  People  called  it  the  aether 
because  of  an  abhorrence  of  empty  space,  but  in  the  end  aether  and  vacuum 
turned  out  to  be  one  and  the  same.  Lorentz  stated  very  clearly  that  from  a 
microscopic  atomistic  point  of  view,  all  electric  and  magnetic  phenomena  could 
be  explained  on  a  model  of  moving  elementary  charges,  electrons  and  nuclei 
the  constituents  of  matter,  plus  the  electromagnetic  fields  in  vacuo.  The  concept 
of  wave  propagation  and  fields  avoided  the  notion  of  "action  at  a  distance" 
and  more  importantly,  provided  a  framework  to  give  a  consistent  account  of 
the  propagation  of  light  and  electromagnetic  signals. 
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In  the  beginning  of  the  20th  century,  the  concept  of  light  particles  was 
revived  by  the  theoretical  studies  of  Planck  and  Einstein  regarding  the  nature  of 
black-body  radiation.  This  is  not  the  time  nor  the  place  to  delve  into  the  deep 
issues  of  this  well-documented  phase  of  the  history  of  science4  5'6.  The  out¬ 
come  after  decades  of  debate  is  that  of  a  dual  or  complementary  character  of 
wave  and  particle  characteristics.  From  the  point  of  view  of  an  experimentalist, 
one  should  not  philosophize  about  the  nature  of  light  in  the  abstract,  but  rather 
keep  in  mind  that  detectors  must  be  used  in  order  to  find  and  confirm  the 
properties  of  electromagnetic  fields.  Detectors  generally  consist  of  atoms  or 
molecules,  be  they  biochemical  ones  in  the  retina  of  the  eye,  or  atoms  with 
sharp  spectral  characteristics  in  a  gas,  or  a  photoelectric  material  surface.  One 
says  that  a  photon  is  detected  when  a  change  in  the  electronic  configuration  of 
the  atom,  retina  or  photoelectric  cell  is  demonstrated.  Quite  generally,  light  is 
generated  whenever  an  electron  drops  from  an  excited  orbit  to  an  orbit  with 
lower  energy  in  an  atom  or  molecule.  Conversely,  the  absorption  of  light  raises 
the  energy  of  the  electron  orbital,  which  may  be  observed  as  the  impression  of 
light  by  excitation  of  nerve  cells  in  the  retina,  or  as  a  photocurrent  in  a  photo¬ 
electric  detector.  Thus,  light  is  both  created  and  detected  by  suitable  interaction 
in  material  light  sources  and  detectors.  These  processes  are  necessarily  quan¬ 
tized  because  the  electron  orbitals  are  quantized.  The  propagation  characteri¬ 
stics  between  the  source  and  the  detector  (or  detectors)  are,  however,  described 
by  waves.  The  intensity  of  the  wave  field  at  each  location  is  a  measure  for  the 
probability  to  detecta  photon  there,  i.e.,  it  is  the  probability  that  an  electron 
orbit  in  the  detector  will  be  excited  at  that  location.  This  duality  between  wave 
and  particle  aspects  for  light  is  now  generally  accepted,  and  the  same  duality 
has  been  adopted  to  describe  the  properties  of  matter.  Thus,  both  light  and 
matter  display  wave-particle  aspects. 


In  my  opinion,  the  explicit  consideration  of  the  sources  and  detectors  of 
the  light  field  avoids  many  of  the  conceptual  difficulties  which  have  arisen  from 
ascribing  everything  to  the  properties  of  an  abstract  field.  In  particular,  the 
wave  and  quantum  fluctuations  of  black-body  radiation  first  introduced  by 
Einstein  have  played  an  important  historical  role  in  the  development  of  quantum 
mechanics5,  but  they  may  be  understood  more  simply  as  fluctuations  caused 
by  the  properties  of  the  generation  and  detection  process.  It  is  also  clear  that 
the  field  from  a  chaotic  source  of  black-body  radiation  has  different  fluctuation 
properties  than  the  field  emitted  by  a  coherent  laser  source.  The  field  produced 
by  a  source  consisting  of  a  single  atom  leads  again  to  different  field  properties, 
which  are  known  among  specialists  as  photon-antibunching,  rather  than  the 
more  common  bunching  of  quanta  in  incoherent  sources  with  many  atoms. 
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Einstein  could,  however,  never  accept  a  probabilistic  interpretation  of  the 
laws  of  nature,  and  this  may  account  for  his  1951  statement  quoted  above.  To 
my  mind  it  is  comforting  rather  than  discomforting  to  live  in  a  world  in  which 
probability  plays  an  inherent  role .  The  combination  of  genes  that  determines 
the  genetic  traits  of  offspring  is  determined  by  probabilities.  There  are  important 
correlations,  but  there  are  also  interesting  variabilities.  Our  knowledge  of  atomic 
and  molecular  processes  is  never  complete  nor  completely  certain.  The  occur¬ 
rence  of  an  accident  or  the  contraction  of  cancer  is  a  matter  of  probability.  One 
may  adopt  a  life  style  to  minimize  these  undesirable  chances,  and  to  maximize 
certain  others.  To  my  mind  it  would  be  more  difficult  and  less  interesting  to 
live  in  a  worid  where  all  physical  events  were  absolutely  certain. 


3.  Lasers  and  nonlinear  optics 

In  1960  a  new  type  of  light  source  was  realized  on  earth,  the  laser.  The 
word  is  an  acronym  for  Light  Amplification  by  Stimulated  Emission  of  Radiation. 
It  utilizes  the  proce ss  of  stimulated  emission  which  was  postulated  by  Einstein 
in  1917,  again  on  the  basis  of  statistical  considerations  of  the  thermal  radiation 
field.  It  is  interesting  how  important  new  concepts  are  often  discovered  by 
routes  which,  with  hindsight,  appear  quite  complicated. 

In  a  few  short  years  the  laser  has  become  a"household"word  in  the  English 
vocabulary,  as  well  as  in  many  other  languages.  A  rudimentary  analogy  with 
the  more  familiar  field  of  music  may  indicate  why  the  laser  has  caused  a  veri¬ 
table  renaissance  in  the  optical  sciences2-7-  Imagine  an  orchestra  consisting 
solely  of  percussion  instruments  producing  chaotic  soundbursts,  and  imagine 
the  change  produced  when  string  and  wind  instruments  capable  of  producing 
pure  tones  are  added.  The  light  sources  in  pre-laser  days  produced  a  jumble  of 
incoherent  light,  but  the  laser  emits  light  that  is  characterized  by  a  very  pure 
frequency  and  very  high  directionality.  As  a  consequence,  its  light  can  also  be 
concentrated  to  very  small  spots  with  very  high  intensity. 

These  characteristics  are  used  to  advantage  in  diverse  applications.  To 
begin  with  a  mundane  example,  the  directionality  of  laser  beams  is  used  in  all 
kinds  of  alignment  devices  by  building  contractors,  land  surveyors  and  mecha¬ 
nical  engineers.  Lasers  are  routinely  used  in  the  laying  of  sewer  pipes,  oil  pipe 
lines  and  tunnel  boring. 
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Since  the  laser  frequency  can  be  defined  with  the  extraordinary  precision  of 
one  tenth  of  one  millionth  of  one  millionth  (1 :1013),  the  laser  could  be  used  as 
a  time  standard  with  a  precision  of  one  second  in  thirty  thousand  years.  It  can 
measure  distances  on  a  lathe  to  one  hundred  thousandth  of  an  inch,  and  it  can 
measure  variations  in  distance  between  points  on  earth  and  the  moon  to  within  a 
few  centimeters.  So  it  can  detect  continental  drifts  and  check  relativistic  correc¬ 
tions  in  satellite  orbits.  Small  deformations  in  the  earth's  crust  that  might  give 
some  warning  about  impending  earthquakes  can  also  be  detected  by  laser  beams. 

Lasers  have  revolutionized  the  science  of  spectroscopy,  achieving  orders 
of  magnitude  improvement  in  resolution  and  accuracy.  Since  each  atomic  or 
isotopic  species  has  its  own  spectroscopic  fingerprint,  it  is  possible  with  laser 
beams  to  detect  or  isolate  one  particular  atomic  species  out  of  billions  upon 
billions  of  other  atoms. 

Laser  beams  can  also  be  focused  into  glass  fibers  with  dimensions  smaller 
than  a  human  hair.  These  fibers  may  be  combined  into  cables  which  provide 
optical  communication  links.  Such  systems  are  already  in  use  as  links  between 
telephone  exchanges  in  several  metropolitan  cities.  The  field  of  communications 
and  information  processing,  revolutionized  by  the  transistor  and  large  scale 
integrated  circuits,  will  be  changed  further  by  techniques  of  optical  electronics, 
laser  scanning  and  printing. 

High  power  laser  beams  are  used  in  the  automotive  industry  to  weld  steel 
plates  and  to  apply  surface  heat  treatment  to  complex  engine  parts.  Laser 
beams  of  modest  power  are  used  to  cut  emery  paper,  drill  holes  in  diamond, 
or  cut  cloth  rapidly  and  precisely.  The  laser  beam  can  be  steered  faster  and 
more  accurately  by  electronic  means  than  mechanical  cutters.  In  the  case  of 
synthetic  fibers  no  finishing  of  the  edges  is  necessary,  as  the  fibers  are  sealed 
by  the  heat  at  the  laser  focal  spot. 

The  laser  as  a  fine  cutting  end  heating  tool  is  finding  increasing  applica¬ 
tions  in  medicine.  Detached  retina  welding  operations  are  routinely  performed 
with  lasers.  Microsurgery  of  vocal  cords  and  other  delicate  operations  may  be 
performed  by  the  laser  spot  scalpel.  Cut  blood  vessels  are  automatically  cau¬ 
terized,  avoiding  the  need  for  clamps  and  stitches.  Laser  light  may  be  used  in 
the  interior  of  the  body  via  optical  fibers. 

The  high  intensity  available  in  focused  and  pulsed  laser  beams  has  also 
led  to  the  development  of  a  new  branch  of  optics.  It  is  called  nonlinear  optics 
because  at  high  intensity  the  graph  representing  the  dependence  of  the  optical 
polarization  on  the  light  field  amplitude  has  curvature  and  deviates  from  a 
straight  line.  Again  an  analogy  with  the  acoustics  of  musical  instruments  may 
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be  helpful.  When  a  string  is  bowed  with  much  force  or  a  wind  instrument  is 
blown  hard,  many  harmonic  overtones  may  be  generated.  A  similiar  thing 
happens  to  the  electrons  in  matter  when  they  are  violently  excited  by  a  high 
intensity  light  beam.  Overtones  of  light  are  created.  This  has  the  dramatic 
effect  that  a  red  light  beam  may  be  changed  to  an  ultraviolet  beam  with  twice 
or  three  limes  the  frequency,  or  one-half  or  one-third  of  the  wavelength.  Basic 
laws  of  optics  are  modified  in  the  nonlinear  regime.  It  is  possible  for  the  reflec¬ 
ted  ultraviolet  ray,  created  by  a  high  intensity  red  beam  incident  on  a  mirror 
consisting  of  a  nonlinear  material,  to  come  back  in  a  different  direction  from  the 
red  reflected  ray  which  follows  the  millenia-old  law  that  the  angles  of  incidence 
and  reflection  are  equal. 

Another  common  notion  that  light  rays  can  cross  each  other  in  a  trans¬ 
parent  medium,  such  as  the  air  in  this  room,  without  interaction  or  hindrance, 
must  be  abandoned  in  the  nonlinear  regime.  Interactions  between  different 
light  waves  do  occur.  In  the  process  the  colour  or  the  frequency  of  the  light 
beams  may  change.  These  nonlinear  characteristics  are  also  essential  in  light 
communications  systems. 

There  is  a  close  relationship  between  some  of  these  nonlinear  effects  and 
the  frequency  change  observed  by  Professor  Raman  in  the  scattering  of  light 
from  molecules  and  crystals.  The  effect  which  bears  his  name  has  a  nonlinear 
or  stimulated  counterpart  which  has  extended  the  possibilities  of  Raman-type 
spectroscopy. 


4.  Optical  science  and  society 

This  brief  historical  flight  over  optics  research  may  have  presented  the 
non-scientists  in  the  audience  with  a  bewildering  array  of  scientfic  details,  but 
I  hope  to  have  convinced  most  of  you  that  the  study  of  light  has  had  an  in¬ 
fluence  on  society  through  the  ages,  both  in  an  abstract  ideological  and  in  a 
practical  technological  sense.  It  should  also  be  clear  that  progress  was  made  in 
a  succession  of  steps  taken  by  individual  scientists.  Even  in  the  present  era  of 
scientific  teamwork,  optics  is  still  "small  science",  and  successful  research  can 
be  accomplished  by  individuals  with  relatively  modest  apparatus.  The  sense  of 
individual  freedom  to  penetrate  beyond  the  frontiers  of  existing  knowledge  is  as 
fascinating  for  the  scientist  today  as  it  was  several  centuries  or  several  millenia 
ago.  It  may  be  compared  with  the  scaling  of  an  uncharted  summit  by  a  moun¬ 
taineer. 
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The  individual  freedom  of  the  scientist,  as  that  of  the  mountaineer,  is  not 
circumscribed  by  man-made  laws  but  rather  by  the  laws  of  nature.  It  is  in  this 
latter  sense  that  one  must  understand  the  words  of  the  German  poet  Goethe, 
who,  parenthetically,  also  wrote  a  book  on  the  science  of  colours,  "Unbridled 
minds  will  seek  in  vain  the  peak  of  perfection ;  within  boundaries  becomes 
mastery  evident,  and  only  the  law  can  give  us  freedom."  It  is  a  matter  of 
record8  that  Gandhi  was  influenced  by  the  writings  of  Thoreau,  the  American 
philosopher  and  naturalist.  Thoreau  had  advocated  opposition  and  nonviolent 
disobedience  to  man-made  laws  if  these  were  in  conflict  with  more  universal 
concepts  of  social  justice  or  natural  laws. 

Today  scientists  usually  do  not  have  to  face  prison  or  burn  on  the  stake 
if  they  hold  forth  unpopular  views,  as  was  still  true  in  Galileo's  time.  The 
esteem  for  individual  freedom,  the  questioning  of  widely-held  conventional 
beliefs  and,  if  necessary,  the  challenging  of  authority  all  provide  a  link  between 
scientists,  Thoreau  and  Gandhi,  although  the  moral  and  physical  courage  of 
the  latter  is,  of  course,  hard  to  match.  Personal  freedom  is  respected  in  India, 
and  its  science  and  scientists  are  respected  at  the  international  level.  It  is 
interesting  to  compare  the  status  of  science  in  the  two  most  populous  nations, 
India  and  China.  The  cultural  revolution  in  China  tried  to  wipe  out  all  traces  of 
an  intellectual  elite.  As  a  consequence,  its  science  has  a  long,  arduous  road 
ahead  to  catch  up  with  the  international  scientific  communtiy.  A  start  has  been 
made  following  a  radical  change  in  Chinese  science  policy  after  Mao's  death. 

A  few  of  the  greatest  scientists  have  occasionally  been  carried  away  by 
the  sheer  beauty  of  their  intellectual  creations  and  overstepped  the  natural  laws. 
A  fascinating  account  of  this  has  recently  been  given  by  that  great  theoretical 
astrophysicist  of  Indian  descent  S.  Chandrasekhar.9  He  analyzes  the  quest 
for  beauty  in  scientific  theories.  Sometimes  the  beauty  and  harmony  of 
unexpected  proportions  and  relationships  in  a  newly-discovered  theoretical 
framework  become  so  overpowering  that  the  artist-scientist-creator  succumbs  to 
the  notion  that  he  has  found  the  absolute  truth.  Over-confidence  in  judgment 
is  evident  in  the  following  statement  attributed  to  Einstein  :  "When  judging  a 
physical  theory,  I  ask  myself  whether  I  would  have  made  the  universe  in  that 
way,  had  I  been  God."  Einstein  would  not  admit  the  existence  of  the  proba¬ 
bility  concept  in  a  definitive  theory.  This  explains  his  view  that  nobody  under¬ 
stands  the  nature  of  light  quanta. 

The  laws  of  science,  however,  are  not  solely  the  product  of  theoretical 
speculation,  but  there  is  a  continuous  interplay  with  experiment.  Sometimes  the 
experiments  are  designed  to  check  a  theoretical  idea;  at  other  times  unexpected 
experimental  observations  and  discoveries  lead  to  new  theoretical  concepts. 
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Respect  for  the  facts,  for  the  realities  imposed  by  matter,  and  adjustment 
to  the  frustrations  of  equipment  and  instruments  that  hardly  ever  perform 
perfectly,  are  among  the  most  valuable  lessons  of  scientific  research.  Experi¬ 
menters  may  not  soar  to  the  same  Olympian  heights  as  the  great  theorists,  but 
they  also  have  less  chance  to  attach  more  weight  to  their  own  inventions  than 
to  the  laws  of  nature.  Each  scientist  at  his  own  level  participates  in  an  aesthetic 
experience,  which  may  include,  separately  or  jointly,  design  of  instrument¬ 
ation,  observation  of  new  phenomena,  finding  fits  between  existing  theory  and 
experiment,  or  the  creation  of  new  mathematical  structures. 

Many  scientists  also  get  considerable  satisfaction  from  teaching,  present¬ 
ing  and  communicating  the  scientific  and  technological  knowledge  to  others. 

It  seems  to  me  that  here  another  parallel  may  be  drawn  with  Gandhi’s 
life.  His  accomplishments  are  so  great  because  he  not  only  had  a  vision  of 
social  justice  but  he  also  adapted  his  life  style  so  that  he  could  teach  and 
communicate  with  the  poor  masses.  He  made  a  connection  between  social 
justice  and  social  realities. 

We  would  delude  ourselves  if  we  ignored  the  enormous  separation  bet¬ 
ween  scientists  and  the  masses  that  are  too  hungry  and  too  tired  to  think. 
While  many  scientists  obtain  a  considerable  degree  of  motivation  in  their  work 
from  its  technological  relevance,  the  benefits  of  high  technology  to  third  world 
countries  are  often  small  or  even  negative.  The  problems  of  the  poor  and  illite¬ 
rate  masses  of  humanity  are  clearly  not  going  to  be  solved  by  research  in  physics. 
Another  cautionary  note  is  struck  by  the  observation  that  most  advances  in 
science  and  technology  may  be  used  with  equal  success  for  peace  as  for  war. 
We  mentioned  the  use  of  light  as  a  weapon  at  the  battle  of  Syracuse  more  than 
2000  years  ago,  and  we  know  that  laser  weapons  have  been  deployed  during 
the  past  decade.  Some  of  this  weaponry  is  defensive,  some  offensive;  some 
is  stabilizing  the  balance  of  power,  some  is  not.  These  aspects  may  not  be 
ignored,  but  neither  should  they  be  used  as  an  excuse  to  discourage  laser  research 
and  to  prevent  progress  in  medicine,  communications  and  other  peaceful  pursuits. 

In  particular,  improved  communications  among  individuals  and  between 
nations  of  this  world  appear  vital.  Communication  is  also  a  precondition  for 
education.  Light  has  been  used  to  communicate  since  the  early  American 
Indian  produced  smoke  signals  by  uncovering  or  covering  his  fire  with  a  blanket, 
and  since  the  ships  on  the  Mediterranean  were  guided  by  light  towers.  Modern 
optics  will  contribute  to  the  means  of  high  capacity  information  and  communica¬ 
tion  channels,  which  may  be  useful  also  in  third  world  countries  to  reach  the  mas¬ 
ses.  They  can,  however,  not  replace  the  pyramid  of  education  that  should  extend 
from  the  highest  institutes  of  research  through  intermediate  levels  of  universities 
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and  colleges,  down  to  high  schools  in  the  cities  and  on  to  grade  schools  in 
every  village.  Adult  education  opportunities  should  be  available  at  all  these 
levels,  as  well.  It  clearly  requires  a  dedicated  army  of  teachers  at  all  levels,  and 
it  will  take  more  than  one  generation  to  learn  that  some  deep-rooted  social 
customs  and  religious  beliefs  require  change.  They  were  established  at  times 
before  the  life  expectancy  for  individuals  was  increased  enormously  due  to 
inprovements  in  public  health  and  medicine,  and  before  mechanical  labour  could 
be  performed  more  efficiently  than  by  human  muscle  power. 

One  of  the  most  widely  held  human  beliefs  is  the  idea  that  happiness, 
progress  and  security  require  the  production  of  a  maximum  number  of  sons. 
This  idea,  whose  time  is  definitely  past,  is  still  actively  promoted  by  religious 
prelates  who  want  more  souls,  generals  who  want  more  soldiers,  political 
leaders  who  want  more  votes  and  landowners  who  want  more  cheap  labour. 
They  all  appear  to  be  more  concerned  with  quantity  than  quality,  because 
uneducated  masses  can  be  kept  captive.  Many  different  cultures,  religions  and 
nations  still  cultivate  this  notion  about  the  blessing  of  procreation  and 
exponential  growth  in  numbers.  It  is  especially  strong  in  that  great  arc  that 
stretches  from  Southeast  Asia,  through  the  Indian  subcontinent,  the  Middle  East, 
the  Mediterranean  and  across  the  Atlantic  to  Latin  America. 

The  only  hope  to  check  rampant  population  growth  lies  in  massive 
educational  programs.  It  is  especially  important  that  women  participate  in  this 
educational  process  at  all  levels.  I  am  grateful  to  my  wife  for  having  taught  me 
this  lesson.  The  human  race  has  the  capacity  to  learn  and  to  adapt.  So,  new 
views  on  procreation  may  spread  as  fast  in  the  next  decades  as  the  populations 
have  in  the  decades  just  past.  Since  the  earth  is  finite,  the  source  of  materials 
and  fossil  fuels  is  exhaustible,  the  cultivated  land  areas  cannot  be  increased  very 
much,  the  supply  of  fresh  water  is  limited  and  the  capacity  of  the  atmosphere 
to  absorb  waste  products  also  has  its  bounds  ;  therefore  the  quality  of  human 
life  can  increase  only  by  a  decrease  in  quantity.  Key  elements  to  soften  the 
impact  of  the  inexorable  laws  of  conservation  of  energy  and  matter  on  the  future 
of  man-  and  womankind  appear  to  lie  in  education  and  communication.  For  a 
final  observation  on  these  two  subjects,  I  should  like  to  return  momentarily  to 
the  concept  of  the  light  quantum  which  acquires  a  precise  meaning  only  if  con¬ 
sidered  in  combination  with  its  source  and  its  detector.  In  a  similar  manner, 
truth  is  not  absolute  but  is  in  need  of  at  least  two  persons  :  "One  to  speak  it. 
and  one  to  hear  it."  This  final  quotation  is  Thoreau's. 
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I*  Introduction: 

Many  nonlinear  optical  phenomena  may  be  described  by  a 
power  series  expansion  of  the  electric  polarization  in  the 
electric  field  amplitudes  of  the  light  waves^ 


P  _  V°J  c  t-  ('0-  r-  - 

w  i  -  r/^;  *X 


(1  ) 


This  series  converges  provided  the  expansion  parameter  is 


CaJ  —  LO  f-  C  / 

n}  nf 


(2) 


Here 


small , 

t 1  ,u  el 

K  I  n  J 

LL  is  the  electric  dipole  matrix  connecting  the 

'  f  -t- 

states  I  ft  ^  anc*  I  h  />  ’  sePara^ec*  in  energy  by 

i  —  y  (j* 

I  is  the  damping  constant  of  the  off-diagonal  matrix  element 

n 

of  the  density  matrix  ^  ,  corresponding  to  the  homogeneous 

width  of  this  one-photon  transition,  j  tZ  j  is  a  typical  light 
field  amplitude,  and  (x)  is  the  frequency  of  the  light  wave,  or 
a  linear  combination  of  several  light  frequencies.  The  perturbation 
approach  is  valid  whenever  the  Rabi  frequency,  given  by  the  left 
hand  side  of  Eq(2),  is  small  compared  to  the  detuning,  i.e.  for 
non-resonant  parametric  processes.  It  is  even  valid  on  resonance, 
provided  the  Rabi  frequency  is  small  compared  to  the  homogeneous 
line  width. 

The  other  intrinsic  nonlinear  phenomena  which  occur  when  the 
condition  (2)  is  violated,  such  as  self-induced  transparency, 
radiative  phenomena  in  the  presence  of  strong  resonant  fields,  etc., 


will  not  be  considered  here. 
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V. 


The  lowest  order  nonlinear  susceptibility  A  '  is  a 
third  rank  tensor.  It  vanishes  in  media  with  inversion  symmetry. 
In  general  it  has  27  tensor  elements.  This  number  is,  of  course, 
drastically  reduced  by  symmetry  requirements.  For  example,  in 
crystals  with  the  cubic  symmetry  H  3  nit  only  one  independent 
element  remains.  Each  element  of  consists,  in  general,  of 

eight  terms.  Each  term  has  a  typical  form  with  two  resonant 
factors  in  the  denominator, 


i°) 


e. 


y [llo  u 

'  *jn#  '  J3 


+  7  other  terms.  (3) 

The  different  terms  are  distinguished  by  the  time  ordering 
of  the  photon  creation  and  annilation  processes  and  the  damping 
mechanism.  Far  off  resonance,  the  damping  may  be  ignored  and 
is  real,  describing  a  parametric  process  depicted  in  figure  la. 

Two  photons,  with  energies  CJ  and  to,  respectively,  are 

i  1  +. 

annihilated  and  a  new  photon  at  the  sun  frequency  Z  CO  is 

O 

created,  while  the  material  system  remains  in  the  initial  state. 
When  one  of  the  three  light  frequencies  is  at  resonance,  as  shown 

in  figures  1b  and  1c,  a  different  language  is  more  appropriate. 

v’  CL) 

The  imaginary  part  of  /  describes  the  interference  of  a  one- 
photon  and  a  two-photon  transition  between  the  initial  state  j ^  y 
and  the  same  final  state  j £  Finally  it  is  possible  to  have 

three  ona-photcn  resonances  simultaneously  as  shown  in  figure  Id. 
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Fig.  1.  Sum  frequency  generation.  a)Non-resonant  parametric,  b)  Resonance  at  sum  frequency,  c)  Resonance  at 
difference  frequency,  d)  Resonance  at  all  three  frequencies. 


y'-V 

In  general,  the  nonlinearity  /  describes  a  coupling 

between  three  electromagnetic  waves.  Each  of  these  waves  is 

characterized  by  a  complex  amplitude  E,  frequency  ,  wave 

•A 


vector  (c  and  polarization  direction  <f  ,  Introduce  the  scalar 
coupling  coefficient  by  projecting  the  third  rank  tensor  onto  the 
three  polarization  directions, 


Introduce  the  wave  vector  mismatch 


(4) 


(5) 


17 


CONSERVATION  LAWS  IN  NONLINEAR  OPTICS 
The  three  coupled  complex  amplitude  equations  take  the  form, 

Q>E  ,  9E,  '  •  1  ^  *■ 
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tz  E-  ^Af  ft  l  z, 


(6) 


E3  =  0  and  *  E^,  E?  =  E^,  the  last 


If  initially 

equation  describes  the  parametric  generation  of  the  sum  frequency 

,  generated  by  the  nonlinear  polarization 


CD  -  Co  +  CJ 
2  i  t  l 


?(u,)  =i]i‘’E,  £; 


■'.[to  /•  Ay 


4* 


c.c. 


)t] 

(7) 


If  A?  _  CO^  t  second  harmonic  generation  is  obtained. 

If  one  takes  CJ  and  L)  ~0  ,  rectification  of  light  is 

1  Z  J 

described.  Thus  the  quadratic  nonlinearity  has  the  characteristics 
of  any  quadratic  device  including  second  harmonic^sum  and 
difference  frequency  generation,  and  rectification. 

In  a  similar  manner,  the  cubic  nonlinearity  embodied  by 
describes,  in  general,  a  coupling  between  four  electromagnetic 

waves.  This  nonlinearity  is  non  vanishing  in  any  material,  even 

-y'  l  2-J  Y  L 

in  monatomic  gases.  Complete  expressions  for  A  and  { 

2 

have  been  given  and  the  large  variety  of  processes  described  by 


l  l) 

y  have  be 


en  reviewed  elsewhere. 


3,4 
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II*  Conservation  of  Energy  and  Momentum  in  Parametric  Generation: 

The  nonlinear  polari7ation  of  Eq  (7 )  will  generate  a  radiation 
field  at  the  sum  frequency.  In  agreement  with  the  diagram  of 
figure  la  one  has  the  conservation  of  energy  in  the  elementary 
photon  conversion  process 


(8) 


Note  that  the  number  of  photons  is  not  conserved,  but  the  coupled 
amplitude  equations  lead  to  other  integrals  of  the  motion,  or 
conserved  quantities, 


1 


These  are  the  Manley-Rowe  relations  of  the  parametric  process  • 
They  express  the  fact  that  the  photon  flux  density  in  the  wave 
can  only  be  increased,  if  simultaneously  the  photon  flux 


densities  in  both  beams  at  ^  and  CJ  are  decreased  by  the  same 

/  2, 

amount. 


The  parametric  generation  at  ^  becomes  efficient  only  if 


vanishes.  This  is  equivalent  to  the  conservation  of  momentum  in 
the  total  electromagnetic  field, 


(10) 
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For 


C  ,  the  nonlinear  polarization  gets  out  of  phase  with 


the  freely  propagating  wave  at  .  Two  volume  elements  in  the 


known  as  the 


medium,  separated  by  a  distance 


coherence  length,  contribute  to  the  field  with  opposite  phase* 

This  causes  destructive  interference.  Consequently  the  parametrically 
generated  intensity  has  an  oscillatory  behaviour  as  a  function 
of  the  thickness  of  medium,  unless  condition  (10)  is  satisfied* 

In  that  case  all  unit  cells  in  the  crystal  contribute  in  phase, 
and  the  second  harmonic  generation  can  achieve  very  large  values. 
Theoretically  one  hundred  per  cent  conversion  is  possible,  and 
more  than  70  per  cent  has  been  achieved  in  some  experiments. 

Exact  phase  matching,  or  momentum  conservation,  is  possible 
in  second  harmonic  generation  by  compensating  the  ever  present 
color  dispersion  by  birefringence.  In  a  uniaxial  crystal,  such  as 
KDP,  the  second  harmonic,  polarized  as  an  extraordinary  wave,  can 
be  given  the  same  phase  velocity,  as  the  fundamental  wave,  polarized 
ns  an  ordinary  wave  prepays ting  in  the  same  dionotion. 

In  optically  isotropic  media  phase  matching  is  possible, 
if  a  resonance  of  sufficient  oscillator  strength  occurs  somewhere 
in  between  the  frequencies  of  the  coupled  waves.  This  was  used  for 
third  harmonic  generation  in  alkali  atomic  vapors.  The  phase 
matching  may  be  tuned  by  adjusting  the  partial  pressure  of  a  noble 
gas  admixture. 


In  a  periodic  structure  with  period  CL  in  the  -direction, 
the  momentum  need  only  be  conserved  modulo  ,  or 

yi  is  an  integer.  This  condition  is,  of 


course,  well  known  for  linear  X-ray  scattering  in  crystals.  For 


epitaxially  grown  periodic  structures,  for  example 
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QcPAs  t  it  is  possible  for  ^  to  become  of  the  order  of  the 
wave  length  of  visible  light.  In  that  case  the  second  harmonic 
light  wave  might  travel  in  the  opposite  direction  from  the 


fundamental  wave.  While  phase  matching  is  conserved,  the  balance 

,  is  of  course  transferred  to  the 


of  momentum,  2TT  H  /  £ 


periodic  structure  • 

For  far  infrared  generation  of  a  difference  frequency 

where  CJ  and  ^  may  be  two  other  infrared  frequencies,  the 

)  Z. 

dispersion  in  cubic  crystals  such  as  Zn  Se  and  Cd  Te  is  sufficiently 


small  that  °n  order  of  1mm.  In  that  case  slabs  normal 

to  the  (111)  crystallographic  axis  may  be  cut  to  this  thickness. 
Alternate  slabs  are  rotated  180°  around  ths  (1,1,1)  axis.  This 
causes  a  180"  phase  shift  of  the  second  harmonic  polarization,  for 
a  fixed  orientation  of  the  fundamental  field.  Thus,  constructive 
interference  of  the  second  harmonic  radiation  in  successive  slabs 
is  preserved.  Sometimes  natural  twinning  or  ferroelectric  domains 
cause  crystallites  to  have  dimensions  approximately  equal  to 
.  In  this  case  the  second  harmonic  production  is  also 
noticeably  enhanced. 


III.  Conservation  of  the  tangential  component  of  momentum  at  a 
boundary : 

It  is  well  known  in  linear  optics  thet  ths  direction  of  the 
reflected  and  refracted  waves  can  be  derived  from  the  condition 
that  the  tangential  component  of  the  wave  vector  is  conserved, 
when  a  light  wave  is  incident  on  a  boundary  between  two  media 
with  indices  YL  *  and  /L  respectively. 
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In  the  nonlinear  case  the  boundary  conditions  for  the 
Fourier  components  of  the  fields  at  the  sum  frequency  ^ 

can  be  satisfied  at  all  points  on  the  boundary,  if,  and  only  if, 
the  fields  have  the  same  tangential  wave  vector  component  as  the 
nonlinear  polarization.  The  latter  is  prescribed  by  incident 


wave  vector  components  to  be 


^  t  )  •  The 


r'fc 


geometry  of 


the  waves  at  ^  is  illustrated  in  figure  1  of  reference  6,  for  the 
case  that  the  light  is  incident  from  an  optically  denser  linear 
medium  onto  a  nonlinear  medium  with  a  smaller  index  of  refraction. 
Note  that  there  are  two  transmitted  waves.  A  forced  polarization 
wave  with  wave  vector 


ree  wave 


:T  fi  (u  J  f  and  a  f: 

with  wave  vector  Icj  \  corre  sponding  to  the  solution  of  the 

.•\ _ _  ““p-*  f 


homogeneous  wave  equation.  The  amplitudes  of  these  waves  are  nearly 
equal  and  the  two  fif3lds  nearly  cancel  each  other  at  the  boundary. 
The  small  difference  equals  the  amplitude  of  the  reflected  wave 


For  normal  incidence  the  directions  of  the  free  and  forced 
waves  coincide,  and  they  give  rise  to  the  oscillating  behaviour 
of  the  intensity  at  C2)  t  discussed  above  in  connection  with  the 
phase  mismatch.  At  oblique  angles  of  incidence  it  is  possible, 
for  beams  of  finite  diameter,  to  separate  the  two  transmitted 
waves  spatially.  The  interesting  behaviour  of  the  intensities 
of  transmitted  and  reflected  intensity  at  ~  2CJ  ,  as  the 
incident  beam  at  6j  is  in  the  vicinity  of  the  condition  fox 
total  reflection  has  been  studied  in  detail^. 

If  we  use  the  two  incident  light  beams  at  6j  with  equal 


angles  of  incidence 
will  be  second  harmonic 


/ 

on  opposite  sides  of  the  normal  there 
polarization  source  component  with  zero 
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transverse  wave  vector.  This  polarization  will  radiate  in  both 


directions  normal  to  the  boundary,  for  any  anglie  of  incidence  ^ 

If  the  2^*  is  chosen  so  large  that  total  reflection  occurs  for  the 
incident  beams,  the  radiated  intensity  at  2.  &  is  a  sensitive 
probe  for  the  evanescent  fields  at  CJ  inside  the  nonlinear 


/ 

medium  . 

It  is  clear  that  the  tangential  component  of  the  wave  vector 
of  the  second  harmonic  polarization  along  the  boundary  of  two 
media  can  be  adjusted  by  varying  the  angle  of  incidence  of  the 
fundamental  beam.  If  this  tangential  component  is  larger  than  the 
magnitude  of  the  wave  vector  of  the  second  harmonic  in  both  media, 
a  pure  surface  excitation  results.  By  choosing  the  frequency 
in  the  forbidden  "re st strahlen "  band,  surface  exciton  polaritons 
in  ZnO,  backed  by  a  linear  medium  of  lower  index,  have  been  studie 

Whan  a  prism  of  a  linear  medium  such  as  glass  is  coated  with  a 

thin  metallic  lager,  backed  by  air,  second  harmonic  generation 

may  be  enhanced  for  a  particular  choice  of  the  angle  of  incidence, 

8 

which  excites  surface  plasrnons  at  the  metal-air  interface  • 


d 


7 


IV,  Momentum  Conservation  in 


in/ 


n) 


proce  sse  s : 


Clearly  the  preceding  considerations  can  be  readily  extended 
to  higher  order  nonlinearities.  Here  we  shall  mention  only  two 
cases  of  particular  current  interest.  The  first  one  is  Doppler- 
free  two-photon  absorption.  It  differs  from  the  parametric 
situation  because  the  energy  eigenstate  of  the  material  medium  is 
changed.  The  second  example  is  degenerate  four  wave  mixing. 
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shift  tc  be  absent  since  /  /^  ■+■ 

<-/  7 


a.  Doppler-free  two-photon  absorption ; 

It  is  possible  to  induce  transitions  between  two  states  of 

the  same  parity  by  the  simultaneous  absorption  of  two  photons, 

provided  the  energy  separation  of  the  two  states  equals  the  sum 

of  the  photon  energy.  Consider  twc  photons  of  equal  energy, 

but  enual  and  opposite  momenta  k  r  ~  L  .  If  such  a  pair  of 

~  / 

photons  is  absorbed,  the  total  momentum  of  the  electromagnetic 
field  is  not  changed*  Consequently  one  expects  the  linear  Doppler 

k*k.  )-V-o  .  The  following  simple 
argument  confirms  this.  Suppose  the  resonant  condition  is  fulfilled 
for  an  atom  at  rest,  ]J~  —  0  .  Next  consider  an  atom  moving 

with  a  velocity  component  XT'  parallel  and  antiparallel  to  the 
two  light  beams.  The  apparent  frequency  of  one  of  the  light  beams 
is  increased  by  an  amount  +  (V7c  )  ,  while  the  frequency  of  the 

other  is  decreased  by  the  same  amount.  In  the  frame  in  which  the 
atom  is  at  rest,  the  resonant  condition  £->^7  f  *6)  i~  ^0  °~/t)  &  IV 

remains  satisfied.  Doppler  free  two  photon  spectroscopy 
has  been  used  extensively  to  study  high  excited  states  of  atoms  and 
molecules,  with  the  same  parity  as  the  initial  state,  in  high 
resolution^. 

b.  Degenerate  Four-wave  Mixing; 

Consider  the  coupling  between  four  waves,  all  of  the  same 


10  11 

frequency  CO  ,  with  wave  vectors  chosen  *  such  that 


L  -  -  k 

-  .J  •— / 

and  /v,.  —  —  it.  ,  as  shown  in  figure  2.  The  polarization  of  the 

■w  y  1 

A 

four  waves  may  be  chosen  parallel  or  two  waves  may  have  orthogonal 
components  to  the  other  two  waves.  The  nonlinear  coupling  between 
the  four  waves  is  proportional  to  the  nonlinear  susceptibility 
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Fig.  2s  Degenerate  four-wave  mixing,  as  used  in  phase  conjugate,  frequency  selective 
reflection. 


Cl) 


components  X  i—CJ  CJ  -  CJ  CJ  } 

A****1  '  '  ;  ' 


n) 


or  X  (—  Cj <-«✓  -  CyJ 
A xxyy  y  /  ' 


Suppose  that  a  strong  "pump*'  lase/r  beam  with  wave  vector  traverses 

y  a) 

the  medium.  The  nonlinear  susceptibility  A  will  of  course  be 
especially  large  if  Cj  is  chosen  in  the  vicinity  of  a  sharp,  atomic, 
molecular  or  ionic  resonance  line.  The  pump  beam  is  reflected  back 
through  the  sample  by  a  mirror.  Thus  we  have  strong  standing  wave 

and  tt~-k 


•  Now  a  weaker 

L 


pattern  with  wave  vectors 

5  • 

’•signal”  beam  at  the  same  frequency  CJ  with  wave  vector  K  ’ 

is  also  incident  at  a  small  angle  to  the  pump  waves,  so  that  a 

sufficient  large  interaction  length  is  established.  Clearly  the 

parametric  generation  of  a  beam  at  CO  >  with  wave  vector  k ~L 

~  7 

will  satisfy  both  energy  and  momentum  conservation  condition.  The 
complex  amplitude  will  be  proportional  to  ^ 
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Mote  that  the  phase  of  the  fourth  wavs  is  given  by 


k  •  X  t  ft  -  i  +  k  )*  y  f  fj  tf  ~  -l'  l  t  Const' 

Lf  '  J  [**■  /  ~  ~  3  /  \~  ! 1  Z  '  J  JL  '  Z 

Thus  the  phases  of  beans  2  and  4  are  equal  and  opposite,  apart 
from  en  arbitrary  constant.  Suppose  that  the  phase  ^ ^ 

has  a  transverse  distribution  because  the  signal  is  not  a  plans 
wave,  but  has  undergone  some  distortion  caused  by  phase  aberrations 
in  its  passage  through  an  inhomogeneous  optical  medium.  The  fourth 
wave,  in  its  reverse  passage  through  the  same  inhomogeneous 
medium,  will  have  its  phase  aberrations  corrected.  Another  way 
of  expressing  this  is  to  say  that  the  phase  conjugate  wave  4  is 
time  reversed  from  wave  2,  since  a  change  of  the  sign  of  t  is 
equivalent  to  a  change  of  the  sign  of  the  phase  in  the  exponential 

factors  txjl  X  I  i  iSi'Z  ^Cfl  "  1  ^0  ,  This  property  of  a 

phase-conjugate  mirror  is  of  course  of  considerable  practical 
interest.  The  basic  process  is  that  two  photons  from  the  pump 
waves  and  E^  respectively  are  removed,  and  one  photon  each  is 
added  to  the  waves  E^  and  E^.  If  the  pump  field  and  the  non¬ 
linearity  of  the  medium  are  sufficiently  strong,  the  output  field 
E^,  and  also  the  transmitted  signal  E^»  may  have  undergone 
considerable  amplification.  Furthermore  the  conjugate  mirror  may 
act  as  a  very  sharp  filter,  due  to  the  resonant  behaviour  of 
^  ^  cj  —  CO  Co J  in  the  vicinity  of  a  sharp  optical  resonant 

line.  These  various  features  have  been  confirmed  in  a  series  of 

experiments  involving  Na  vapor  with  visible  light  near  the 

13  14 

yellow  resonant  doublet, in  SF^  gas  with  CO^  laser  beams,  *  and 
in  ruby  with  incident  light  beams  derived  from  a  ruby  laser. 
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The  effect  may  also  be  described  as  real-time  holographic 

reproduction.  The  waves  1  and  2  create  an  interference  pattern 

which  modulates  the  (complex)  index  of  refraction.  The  beam  3 

is  diffracted  from  this  instantaneous  grating  to  yield  the  beam  4, 

At  the  same  time  waves  3  and  2  form  a  diffraction  grating  w  it  h  a 

different  spacing,  from  which  beam  1  is  diffracted  to  give  another 

contribution  to  beam  4.  An  attempt  has  been  made  to  measure  the 

relaxation  or  diffusion  times,  which  determine  the  life  time  of 
1  6 

these  gratings  t  A  time  resolved  geometry  with  a  variable  delay 
between  the  puloed  incident  waves  is  used,  while  additional 
discrimination  is  achieved  by  the  choice  of  orthogonal  polarizations 
of  beams  1  and  3, 

V.  An  example  of  non-conservation  of  angular  momentum: 

In  linear  optics  it  is  well  known  that  a  left  circularly 


polarized  wave,  incident  on  a  half  wave 


emerges  as 


a  right  circulerly  polarized  wave.  The  component  of  angular 


momentum  of  the  light  field  around  the  direction  of  propagation 


is  not  conserved,  even  though  no  absorption  takes  place.  It  is  easy 
to  show  explicitly  that  a  torque  is  exerted  on  the  plate.  The  torque 
density  is  maximum  in  the  middle  of  the  platelet  where  the  field  is 
linearly  polarized.  Due  to  the  optical  anisotropy,  the  polarization 
is  not  parallel  to  the  field  and  the  time  averaged  torque  density 


A  nonlinear  example  is  provided  when  circularly  polarized  beam 

A 

propagates  along  a  three-fold  axis  of  symmetry,  such  as  the 
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crystallographic  (111)  direction  of  a  crystal  of  NaClC^, 
belonging  to  the  cubic  class  23.  Since  the  combined  system  of 
crystal  plus  electromagnetic  field  has  three  fold  symmetry 
around  this  axis,  it  is  to  be  expected  that  any  second  harmonic 
generated  is  also  circularly  polarized^.  This  is  indeed  the 
case  and  its  sense  or  helicity  is  opposite  to  theit  of  the 
fundamental  beam.  This  can  also  be  calculated  explicitly  from 
the  ^  tensor  and  has  been  confirmed  experimentally.  Thus 

in  each  conversion  process  of  two  fundamental  quanta  to  one  stscond 
harmonic  quantum  the  angular  momentum  component  of  the  light  field 
changes  by  3  TC  • 

Quite  generally  the  question  of  angular  momentum  balance 

requires  the  simultaneous  consideration  of  the  angular  momentum 

of  the  electronic  6pins  and  orbitals,  the  crystalline  lattice  and 

1  8 

the  electromagnetic  field  , 


A  Jsf  + 


t  a 


Jt 


E  M 


0 


Since  in  our  case  the  electronic  state  of  the  crystal  remains 
unchanged,  we  again  expect  that  a  torque  i6  exerted  on  the  lattice 
in  this  nonlinear  conversion  process.  This  may  be  verified^  by 


explicitly  considering  the  crystalline  field  pote 


ntial  1/  .  It 

f'A 


expansion  in  spherical  harmonies  around  the  three  fold  axis  contains, 

\  itl 

among  others,  the  harmonics  y  ,  with  an  azimuthal 

,  where  is  the  azimuth  of  the 

electron  position  coordinate  with  respect  to  the  crystallographic 


variation  expj^J  C  (  j- 


direction,  and  /h  is  the  azimuth  of  this  direction  with  respect 

'  J 

tn  a  fixed  laboratory  reference  frame.  The  variable  W  measures 

IU 
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the  rotation  of  the  crystal  and  its  angular  momentum  around  the 
trigonal  axis  is  given  by  the  expectation  value  of  the  operator 
—  i  ft.  ^  The  crystalline  potential  admixes  to  a 

ground  state  component  with  a£imuthal  quantum  number  JYl  a  state 
with  m  +  3.  The  destruction  of  two  left  circularly  polarized 
quanta  and  the  creation  of  one  right  circularly  polarized  quantum 
also  changes  the  magnetic  quantum  number  by  three  units.  One  can 
thus  construct  a  matrix  element  which  leaves  the  electronic 
state  of  the  crystal  unchanged  but  destroys  two  quanta  at  CaJ  and 
creates  a  photon  at  CO  .  A  typical  term  in  the  perturbation 
Hamiltonian  takes  the  form 


X 


>n 


'I 

VIA  4-  2 


ji .  A  M 


V'H-f  3 


r 

Vti-'c 


ji  •  A lt (*)  h > f  ? \^> t /  ^  •  A+M  |  J 2  >  * 


/  >  x 

CX  ‘  U 


-1 


i  7 


in  ^ 


The  factor  in  \/  v  shows  that  the  wave  function  of  the  lattice 

CX 

as  a  whole  is  different  by  a  phase  factor  exp  (  2  i  y  )  from  the 
initial  state.  The  angular  momentum  is  indeed  transferred  to  the 
lattice.  This  is  a  rotational  analogue  of  an  "Umklapp  process". 

One  may  define  a  reduced  zone  of  ^  between  0  and  2  ft/ 3  around 
the  three-fold  symmetry  axis.  Such  a  cycle  is  obviously  not  possible 

x  /  till  . 

for  a  tetragonal  field,  since  y  connects  states  with 

OX 

differing  by  4.  One  thus  expects  that  circularly  polarized  light 


cannot  cxeate  second  harmonic  light,  when  propagating  along 
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a  4-fold  axis.  This  may  again  be  verified  by  explicit  calculation 


tensor  for  all  pertinent  crystal  classes. 


with  the 


In  this  geometry,  third  harmonic  light  can  be  created,  and 
the  third  harmonic  has  the  opposite  helicity  from  the  incident 
wave  at  the  fundamental  frequency. 

Since  any  direction  in  an  isotropic  fluid  may  be  considered 
as  a  3-fold,  4-fold  or  n-fold  axis  of  symmetry,  it  is  clear  that 
circularly  polarized  light  cannot  creata  any  harmonies  in  an 
isotropic  medium.  These  considerations  could  be  extended  to  cases 
where  circularly  polarized  waves  at  several  frequencies  are 
present.  Generalizations  to  include  the  case  of  absorbing  media 

,  .  .19 

have  also  been  made. 

In  conclusion,  consideration  of  the  laws  the  conservation 
of  energy,  momentum  and  angular  momentum  is  also  usaful  in  non¬ 
linear  optics. 
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The  direction,  polarization,  and  intensity  of  second-harmonic  light  beams  generated  in  a  crystal  of  NaClOi 
have  been  observed  as  a  function  of  the  angle  of  incidence,  when  the  primary  laser  beam  is  incident  from 
a  denser  linear  fluid.  When  the  angle  of  incidence  6,  is  smaller  than  the  critical  angle  for  total  reflection 
0orit(to),  a  reflected  harmonic  beam  and  two  distinct  spatially  resolved  transmitted  harmonic  beams  with 
polarizations  precessing  in  opposite  senses  are  observed.  When  0orjt(2&>)>0,>0Crit(<»),  the  incident  laser 
power  is  totally  reflected,  but  one  of  the  transmitted  harmonic  beams  still  exists.  For  0,>0Or it(2<i>),  only 
the  reflected  harmonic  beam  remains.  When  two  totally  reflected  laser  beams  are  incident  from  opposite 
sides  of  the  normal,  second-harmonic  radiation  occurs  in  the  direction  of  both  the  inward  and  outward 
normal.  The  results  agree  quantitatively  with  the  theory  of  Bloembergen  and  Pershan. 


1.  INTRODUCTION 

THE  theory  of  the  parametric  generation  of  light 
at  the  boundary  of  a  nonlinear  medium1 *  has  been 
verified  experimentally  for  a  variety  of  geometrical 
situations.2  3  One  important  aspect  of  the  theory  is  con¬ 
cerned  with  the  situation  in  which  the  primary  beam  is 
incident  from  an  optically  dense  linear  medium  onto  a 
less  dense  nonlinear  crystal.  In  this  case  total  reflection 
of  the  primary  beam  may  occur  and  the  reflected  har¬ 
monic  light  beam  generated  under  these  conditions  was 
demonstrated  recently.4 

The  geometrical  situation  just  before  total  reflection 
occurs  is  shown  in  Fig.  1.  The  primary  fundamental 
beam  is  transmitted  almost  parallel  to  the  surface  in  the 
nonlinear  crystal.  There  is  a  reflected  harmonic  beam, 
which  propagates  in  a  different  direction  than  the  re¬ 
flected  fundamental  frequency  because  of  the  color  disper¬ 
sion  in  the  dense  linear  fluid.  There  are  two  transmitted 
harmonic  beams.1  The  driven  polarization  wave  propa¬ 
gates  in  the  same  direction  as  the  transmitted  laser 
beam.  It  has  a  wave  vector  ks=  2Ul(w)  and  represents 
the  particular  solution  of  the  inhomogeneous  wave  equa¬ 
tion.  In  addition,  there  is  the  homogeneous  solution 
with  wave  vector  kr(2co).  In  the  “normal”  geometry  of 
normal  incidence  these  two  transmitted  waves  interfere 
and  give  rise  to  the  maxima  and  minima  resulting  from 
momentum  mismatch.  In  the  “nonlinear  prism”  geome¬ 
try  of  Fig.  1  the  two  transmitted  harmonic  beams  are 
spatially  distinct  and  readily  observed  separately.  As 
the  angle  of  incidence  0,-  in  Fig.  1  is  increased,  it  is  in¬ 


*  Work  supported  by  the  Office  of  Naval  Research,  Signal  Corps 
of  the  U.  S.  Army  and  the  U.  S.  Air  Force,  under  Contract  N00014- 
A-67-0298-0006.  This  material  is  described  in  part  in  the  Ph.D. 
theses  of  C.  H.  Lee  and  H.  J.  Simon,  Harvard  University,  1968 
and  1969,  respectively  (unpublished). 

t  Present  address:  United  Aircraft  Research  Laboratories,  East 
Hartford,  Conn. 

t  Present  address:  Department  of  Electrical  Engineering,  Uni¬ 
versity  of  Maryland,  College  Park,  Md. 

1  N.  Bloembergen  and  P.  S.  Pershan,  Phys.  Rev.  128,  606  (1962), 
hereafter  referred  to  as  BP. 

*  R.  K.  Chang  and  N.  Bloembergen,  Phys.  Rev.  144,  775  (1966). 

•For  a  review,  see  N.  Bloembergen,  Opt.  Acta  13,  311(1966), 

and  references  therein. 

4  N.  Bloembergen  and  C.  H.  Lee,  Phys.  Rev.  Letters  19,  835 
(1967). 
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tuitively  clear  that  the  beam  with  wave  vector  ks  will 
disappear  at  the  same  time  as  the  transmitted  funda¬ 
mental.  The  ray  with  wave  vector  kr(2a>)  will  still  per¬ 
sist.  There  can  be  transmitted  second-harmonic  power 
even  when  the  fundamental  power  is  totally  reflected. 
For  larger  angles  of  incidence  this  second  transmitted 
wave  also  disappears  and  only  the  reflected  harmonic 
ray  remains. 

It  is  the  purpose  of  this  paper  to  present  a  quantita¬ 
tive  study  of  the  intensity  of  these  three  harmonic  waves 
as  a  function  of  0„  with  special  emphasis  on  the  region 
near  0crit(w).  Several  cases  of  polarization  of  both  the 
fundamental  and  the  second-harmonic  radiation  are 
distinguished. 

In  Sec.  2  the  results  of  BP  will  be  recapitulated  in  a 
form  which  will  permit  direct  comparison  with  experi¬ 
ment.  The  theory  is  strictly  valid  only  for  cubic  crystals 
and  light  beams  of  infinite  cross  section.  Ip  Sec.  3  the 
experimental  arrangement  is  described  and  in  Sec.  4  the 
experimental  results  are  given  for  four  different  situa¬ 
tions  of  polarization.  In  Sec.  5  the  results  are  given  for 
another  interesting  geometry,  involving  two  funda¬ 
mental  beams  incident  from  opposite  sides  of  the  nor¬ 
mal.  In  Sec.  6  the  theory  of  BP  is  extended  to  take  ac¬ 
count  of  natural  optical  activity  of  the  cubic  nonlinear 
crystal.  This  will  influence  the  state  of  polarization  of 
the  two  transmitted  harmonic  beams  in  a  different 
manner.  Section  7  discusses  the  significance  of  the 
verification  and  limitations  on  the  validity  of  the  theory. 


Fig  1.  Wave  vectors  of  the  fundamental  and  second-harmonic 
light  waves  at  the  boundary  of  a  cubic  piezoelectric  crystal,  im¬ 
mersed  in  an  optically  denser  liquid. 
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2.  THEORETICAL  BACKGROUND 

In  the  geometry  of  Fig.  1  the  angles  8r,  6s,  and  dr 
of  the  reflected,  transmitted  source,  and  transmitted 
homogeneous  harmonic  waves,  respectively,  are  given 
by 

»iiq(w)  sin0,-=nnq(2w)  sin0 R=n(ui) 

Xsin0s=»(2o))  sin0r.  (1) 

The  indices  of  refraction  are  related  to  the  effective 
dielectric  constants  in  the  notation  of  BP  by  ejj1/2 
=  niiq(2oj),  es1/2  =  n(co),  and  er1<2=n(2w).  The  index 
without  subscripts  refers  to  the  crystal. 

It  is  useful  to  introduce  the  following  critical  angles 
for  total  reflection  by 

sin0crit(w)  =  n(co)/nnq(co)  <  1 ,  (2a) 

sin0crit(2w)  =  n(2a>)/«iiq(a>)  <  1 .  (2b) 

The  components  of  the  harmonic  polarization  along 
the  cubic  axes  of  the  nonlinear  crystal  are  given  in  terms 
of  the  fundamental  field  components  at  each  point  by 

PINLS(2a;)  =  X14NL£„(co)£z(co)  (3a) 

and  its  cyclic  permutations. 

The  nonlinear  polarization  in  the  crystal  has  a  wave 
number  ks=  2wc~xes1/2=  2coc~I«(w).  Its  amplitude  can 
be  expressed  in  terms  of  the  amplitude  E0  of  the  incident 
fundamental  wave  by 

pNLs=Xl4NL77(/rrL£o)2_  (3b) 

Here  is  a  geometrical  factor  which  depends  on  the 
orientation  of  the  fundamental  field  vector  and  the  non¬ 
linear  polarization  component  with  respect  to  the  crys¬ 
tallographic  cubic  axes  of  the  nonlinear  crystal.  The 
linear  Fresnel  factor  Ftl  describes  the  change  in  ampli¬ 
tude  of  the  fundamental  wave  on  transmission  at  the 
surface.  For  the  laser  polarization  perpendicular  to  the 
plane  of  incidence  it  is 

2  cos0i 

Ft.  il= - ,  (4a) 

COS0<+sin0crit(w)cOS0s 

and  for  the  fundamental  electric  field  vector  in  the 
plane  of  incidence  it  is 

2  cos0,-  (4b) 

Ft.  hl=- - — - • 

sin0Crit(w)cos0<+cos0s 

The  nonlinear  polarization  is  the  source  of  the  three 
harmonic  waves.  Their  amplitudes  at  the  surface  of  the 
crystal  are  given  by 


E*(2u)  =  4tPnlsF*nl, 

(5  a) 

Es(2«)  =  4xPNLWL, 

(5b) 

£T(2w)  =  41rPNL5ErNL. 

(5c) 

The  nonlinear  Fresnel  factors  have  been  calculated  by 


BP.  For  the  case  of  second -harmonic  polarization  per¬ 
pendicular  to  the  plane  of  incidence,  these  nonlinear 
factors  can  be  written  in  the  form5 


1  er1/2  cos0r  — «s1/2  cos0s 

F*,rNL  = - — - ,  (6a) 

€t  —  ts  er112  COS  0r+ffl1/2  COS  Or 

F  s,iNL  =  ~  j  (6b) 

t-T—tS 

1 

Ft.  inl  = - +Fr,  inl.  (6c) 

€T~es 


For  the  case  of  second-harmonic  polarization  parallel 
to  the  plane  of  incidence,  the  nonlinear  Fresnel  factors 
become6 


P*,IINL  = 


sin0s  sin20r  sin(a+0r4-0s) 


F  s,  i 


,NL. 


eR  sin0fl  sin(0r+0fl)  cos(9t—8r)  sin(0r+0s) 

(7a) 

sina 

- ,  (7b) 


es  —  er 


«s1/2  sina  €r112 

Ft,u  nl  = - + - •F*1„NL. 

tT1^  ts  —  €r  «r1/2 


(7c) 


Here  a  is  the  angle  between  the  nonlinear  polarization 
in  the  plane  of  incidence  and  the  direction  of  the  source 
wave  vector  ks.  It  is  emphasized  that  all  these  expres¬ 
sions  remain  valid  in  the  case  of  total  reflection.  In  this 
case,  0;>0crit(co),  cos 0s  is  pure  imaginary,  while  cos0r 
becomes  pure  imaginary  for  0;>  0crit(2w).  In  these  situa¬ 
tions  the  normal  components  of  the  wave  vectors  ks 
and  kr  are  pure  imaginary  and  the  amplitudes  of  the 
transmitted  harmonic  waves  will  decay  exponentially 
in  the  direction  normal  to  the  crystal  boundary.  The 
angle  a  also  becomes  imaginary  for  0;>0crit(w),  but 
a+0s  is  always  real  and  gives  the  angle  between  the 
nonlinear  polarization  and  the  normal  to  the  surface. 

The  time-averaged  second-harmonic  power  carried  by 
the  harmonic  beams  is  given  by  the  real  part  of  the 
Poynting  vector  times  the  cross-sectional  area  A  of  the 
respective  beams7; 


Ir,s,t(  2w)  = — e r.s.t 1/2 1  Er,s,t(  2o>)  | 2 A  R.S.T  •  (8) 

87 r 

In  the  experiments  the  incident  laser  beam  profile  was 
determined  by  a  rectangular  slit  of  height  d  normal  to 
the  plane  of  incidence  and  width  d' .  The  intensity  across  , 

6  Use  is  made  of  Eqs.  (4.4)-(4.8)  in  BP.  It  should  be  noted  that 
a  factor  ce~1  was  inadvertently  omitted  in  the  last  term  of  Eq. 
(4.5). 

6  Use  is  made  of  Eq.  (2.5)  and  Eqs.  (4.10)— (4.13)  in  BP.  In  Eq. 
(4.12),  tsin  in  the  denominator  of  the  last  term  should  be  replaced 

by  «fil/2.  .  .  . 

7  The  symbol  I  is  used  here  to  denote  intensity  integrated  over 
the  beam  cross  section,  or  power.  This  is  the  experimentally  ob¬ 
served  quantity.  In  the  remainder  of  this  paper,  intensity  and 
power  will  be  used  Interchangeably. 
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the  profile  may  be  taken  as  constant.  The  effects  of 
the  finite  size  of  the  beam  profile  will  be  discussed 
briefly  at  the  end  of  this  paper.  The  expression  for  the 
area  of  the  respective  harmonic  beams  is 

AR,s,T—dd'  cos0ft,s,r/cos0;.  (9) 

The  power  in  the  transmitted  source  beam  7s(2o>)  is 
zero  for  0,^  0Crit(u>),  while  7r(2w)  vanishes  for  0;^0C nt 
X(2oj).  Since  the  power  flux  cannot  be  observed  inside 
the  crystal,  it  is  preferable  to  relate  the  intensities  of 
the  transmitted  beams  after  they  have  reentered  the 
liquid  at  the  side  of  the  crystal.  This  adds  a  power 
transmission  factor 

T=  (tfi/  es,r)1/2 1  /s,rL| 2.  (10a) 

The  linear  Fresnel  factor  for  transmission  at  this  inter¬ 
face,  for  a  crystal  with  a  right-angle  corner,  is  given  by 

2 

fs,rL= - — - •  (10b) 

l+C(e«  —  fs,7’)€(w)sin  20»+l]1/2 

This  factor  is  always  close  to  unity,  while  /«L=  1  by 
definition.  Combination  of  Eqs.  (3)-(10)  allows  a  direct 
comparison  of  the  intensities  of  the  three  second-har¬ 
monic  waves  as  a  function  of  the  angle  of  incidence  of  a 
fundamental  beam  of  constant  intensity  and  rectangular 
profile; 

Ir,s,  r(2co)  =  (c/8-7r)e«1/2 1 E0 1  W( 4ttX14nl)2 
Xt?*(/«,s,tl)2|  Fl|  4 1  Ffi,s,TNL| 2  cos0/e,s,r(cos0i)-1.  (11) 

The  term  (c/8ir)eRlli\E0\idd'(Xuy,h)2  is  constant.  The 
dependence  on  crystal  orientation  is  contained  in  q  and 
the  angular  dependences  on  directions  of  the  beams 
and  on  directions  of  polarization  are  described  by  the 
remaining  terms.  The  behavior  of  the  linear  and  non¬ 
linear  Fresnel  factors  separately  as  a  function  of  0*  is 
plotted  in  Fig.  2  for  the  case  of  polarization  perpendic¬ 
ular  to  the  plane  of  incidence.  Note  that  the  factor 
|  FXL|  4  is  16  at  0Crit(w),  and  the  nonlinear  Fresnel  factor 
|  FK,iNL| 2  also  increases  rapidly  near  0cr it(w).  The  latter 
behavior  has  been  described4  as  a  momentum  mismatch 
normal  to  the  wave  vector,  which  at  the  critical  angle  is 
parallel  to  the  surface.  Near  this  angle  the  amplitude 
of  the  reflected  wave  may  grow  to  a  sizable  fraction  of 
the  amplitudes  of  the  transmitted  waves  and  Es(2oi) 
and  Et(2u)  may  not  be  taken  equal  in  Eqs.  (5b)  and 
(5c). 

When  the  two  transmitted  beams  are  not  spatially 
resolved,  the  sum  of  intensities  7s+/r  is  observed.  This 
total  transmitted  intensity  is  equal  to  the  average  in¬ 
tensity  of  the  interference  pattern  of  the  two  trans¬ 
mitted  beams,  which  is  observed  in  the  more  common 
geometry  that  the  nonlinear  crystal  is  a  plane  parallel 
platelet  and  the  light  beams  are  near  normal  incidence. 
For  a  wedge-shaped  sample8  and  in  our  case  of  a  right- 
angle  prism,  a  spatial  average  is  taken  over  the  inter- 

8  A.  Savage,  J.  Appl.  Phys.  36,  1496  (1965). 


Fig.  2.  Linear  and  nonlinear  Fresnel  factors  as  a  function  of  the 
angle  of  incidence.  The  factors  | /'V, iL | 4  and  |F«,iNL|2  are  plotted 
for  the  case  that  total  reflection  occurs  at  0Crit(io). 

ference  pattern  in  the  direction  normal  to  the  surface 
of  entry,  wherever  the  two  transmitted  beams  overlap. 
The  spatial  separation  of  the  two  beams  was  first  de¬ 
scribed  in  detail  in  Sec.  8  of  BP. 

3.  EXPERIMENTAL  TECHNIQUES 
A.  Crystal  Preparation 

The  nonlinear  crystalsused  in  the  experiments  were  all 
dextrorotatory  NaC103.  This  is  a  cubic  crystal  belong¬ 
ing  to  the  symmetry  class  23.  It  is  piezoelectric  and 
has  natural  optical  activity.  The  second-harmonic 
polarization  in  it  is  given  by  Eqs.  (3)  and  the  non¬ 
linear  susceptibility  has  been  determined  previously: 
Xi4NL(NaC10s)  =  6.6X  10~9  esu.9 

The  crystal  is  eminently  suitable  for  the  present  pur¬ 
pose,  because  its  linear  optical  properties  are  isotropic, 
so  that  the  equations  of  Sec.  2  are  applicable,  and  be¬ 
cause  its  linear  index  of  refraction  is  relatively  low  and 
has  been  measured  at  several  wavelengths.10  Interpola¬ 
tion  by  means  of  the  Cauchy  dispersion  relation11  gives 
es1/2  =  «(o>)=  1.509  and  er1/2  =  »(2o>)  =  1.522,  where  u 
corresponds  to  the  fundamental  wavelength  of  0.977  jam. 

The  crystals  were  grown  from  an  aqueous  solution  by 
rocking  techniques.12  Typical  dimensions  of  the  crystals 
are  18X12X8  mm3.  The  large  front  face  and  one  side 
face  at  right  angles  were  optically  polished  with  a  non- 
woven  polishing  cloth.  An  abrasive  of  0.3/i-diam  par¬ 
ticles  of  aluminum  oxide  was  used  with  a  kerosene 
lubricant.  A  hard  wax  lap  could  not  be  used,  because 
a  suitable  lubricant  which  would  dissolve  neither  the 
crystal  nor  the  wax  could  not  be  found.  Flatness  of  in- 

9  H.  J.  Simon  and  N.  Bloembergen,  Phys.  Rev.  171,  1107 
(1968). 

10  Landolt-Bornstein,  Zahlenwerte  und  Funktionen  (Julius 
Springer,  Berlin,  1936),  Band  2,  Teil  8. 

11  F.  A.  Jenkins  and  H.  E.  White,  Fundamentals  of  Optics 
(McGraw  Hill  Book  Co.,  Inc.,  New  York,  1957),  3rd  ed.,  p.  468. 

12  A.  N.  Holden  and  P.  Singer,  Crystals  and  Crystal  Growing 
(Doubleday  &  Co.,  Inc.,  New  York,  1960). 
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dividual  faces  was  typically  0.5  /um  over  an  area  of 
5X5  mm2. 

B.  Optically  Dense  Fluid 

The  nonlinear  crystal  was  immersed  in  an  optically 
denser  fluid.  1-bromonaphthalene  has  larger  indices  of 
refraction  than  NaC103  at  both  w  and  2w.  Transmission 
spectra  of  this  fluid,  which  is  used  in  immersion  micros¬ 
copy,  show  that  it  is  transparent  from  0.4-1.0  Mm.  It  is, 
however,  strongly  absorbing  at  0.347  ^m,  corresponding 
to  the  second  harmonic  of  ruby. 

The  refractive  index  of  1-bromonaphthalene  has  been 
tabulated  at  five  different  wavelengths13  and  the  values 
at  the  wavelengths  of  interest  may  be  interpolated  by 
means  of  the  Cauchy  relation.  This  gives  €L1/2  =  »iiq(co) 
=  1.634  and  €ie1/2  =  Wiiq(2w)=  1.681.  From  Eqs.  (2)  wTe 
find  for  the  critical  angles  for  total  reflection  0Crit(co) 
=  67.3°  and  0Crit(2co)  =  68.7°. 

C.  Optical  Arrangement 

A  passively  (7-switched  ruby  laser  was  used  as  the 
primary  source.  It  generates  pulses  of  about  0.2  J  with 
2X 10-8  sec  duration  in  a  narrow  frequency  range  of 
less  than  10~2  cm-1.  Since  1-bromonaphthalene  absorbs 
the  second  harmonic  of  ruby,  the  Stolces-shifted  Raman 
line,  stimulated  in  a  H2  gas  cell,  was  used  as  the  funda¬ 
mental  source  at  a  wavelength  of  0.977  /jm.  The  power 
density  of  the  Stokes  beam  was  about  5  MW/cm2  and 
its  angular  divergence  was  less  than  2  mrad.  Each  pulse 
of  the  Raman  laser  was  monitored  by  means  of  a  35% 
reflectance  dielectric  coated-beam  splitter.  The  second- 
harmonic  generation  in  a  quartz  platelet  positioned  in 
the  reference  arm  served  as  the  pulse  monitor.  The  main 
beam  passed  through  an  adjustable  rectangular  slit 
aperture,  which  limited  the  beam  width  to  1  mm  and 
its  height  to  3  mm.  The  narrow  beam  width  permitted 
the  spatial  separation  of  the  two  transmitted  harmonic 
beams  in  an  interval  of  0,  of  about  10°  below  0crit(w). 

The  fundamental  beam  was  linearly  polarized  by 
means  of  a  Glan-Kappa  prism,  tilted  slightly  off  axis  to 
insure  proper  polarization  at  1  ^uni. 

The  cylindrical  glass  cells  which  contained  the  1- 
bromonaphthalene  and  the  immersed  NaC103  crystal 
had  an  optically  flat  entrance  window.  The  crystal  was 
held  in  a  vise  arrangement  between  two  Teflon  pads. 
The  plane  of  incidence  of  the  light  was  horizontal  and 
the  angle  of  incidence  could  be  varied  by  turning  the 
crystal  around  the  vertical  axis.  A  48 : 1  gear  reduction 
ratio  and  a  vernier  scale  permitted  variation  of  di  in 
steps  of  0.1°.  The  vise  arrangement  permitted  an  unob¬ 
structed  path  for  both  the  reflected  and  transmitted 
harmonic  beams.  The  fundamental  beam  entered  the 
crystal  in  a  flat  central  area  1  mm  wide,  about  6  mm 
from  the  edge  of  the  crystal. 

13  W.  E.  Forsythe,  Smithsonian  Physical  Tables  (Smithsonian 
Institute,  Washington,  D.  C.,  1954),  8th  rev.  ed.,  p.  468. 


The  reflected  harmonic  beam  emerged  through  the 
cylindrical  cell  wall  into  a  detector  arm  which  could 
follow  changes  in  direction  of  the  reflected  beam  over  an 
interval  of  25°.  The  lens  effect  of  the  curved  cell  w7as 
minimized  by  placing  the  detector  close  to  the  cell.  The 
detector  arm  and  the  monitor  arm  consisted  of  an  S-ll 
EMI  photomultiplier  preceded  by  a  CuS04  solution 
and  interference  filters  to  insure  that  only  the  second- 
harmonic  radiation  reached  the  photocathode.  The 
polarization  of  the  reflected  radiation  was  checked  by  a 
Glan-Kappa  analyzer  and  the  direction  of  the  reflected 
harmonic  was  checked  by  means  of  a  3X10-mm2  aper¬ 
ture  in  front  of  the  detector. 

The  output  pulses  of  the  photomultiplier  were  fed 
into  an  analog- to-digital  (ADC)  conversion  system 
which  directly  displayed  a  numerical  output  propor¬ 
tional  to  the  integrated  second-harmonic  light  pulse 
intensity  from  the  sample  and  monitor  arm.  This  dual 
channel  system  consisted  of  a  LeCroy  Research  System 
(LRS)  model  133  dual  linear  amplifier,  followed  by  a 
LRS  model  108D  discriminator  and  two  LRS  model 
143A  ACD  converters.  Their  output  was  displayed  by  a 
Transistor  Specialties  Inc.,  model  1535  counter.  This 
electronic  processing  greatly  facilitated  the  data  acquisi¬ 
tion  and  reduction  in  these  experiments. 

The  transmitted  harmonic  beams  passed  through  the 
side  face  of  the  crystal,  the  immersing  liquid,  and 
through  an  optically  flat  window  out  of  the  cell.  Lens 
effects  from  the  cylindrical  wall  could  not  be  tolerated 
in  this  case.  The  separation  of  the  two  transmitted 
beams  required  good  collimation.  By  placing  a  3X10- 
mm2  aperture  20  cm  away  from  the  crystal,  the  two 
beams  were  physically  well  separated  when  they  dif¬ 
fered  in  direction  by  more  than  2°.  Between  the  two 
beams,  a  minimum  with  less  than  5%  of  the  maximum 
beam  intensity  was  found.  The  polarization  of  the  two 
beams  could  be  checked  separately  by  means  of  a 
Glan-Kappa  analyzer.  The  interesting  result  that  the 
planes'of  polarization  of  two  transmitted  beams  rotate 
in  opposite  sense  inside  the  optically  active  crystal  is 
analyzed  in  Sec.  6.  The  combined  intensity  of  the  two 
beams  is,  in  general,  elliptically  polarized. 

Near  the  critical  angle  for  total  reflection  the  angular 
difference  in  direction  of  two  beams  approached  8°. 
This  is  approximately  equal  to  the  acceptance  angle  of 
the  photomultiplier  tube.  Since  the  photocathode  was 
located  about  15  cm  behind  the  3X 10  mm2  diaphragm, 
the  two  beams  hit  different  spots  of  the  photosurface 
and  nonuniformity  of  the  sensitivity  of  the  photo¬ 
cathode  became  a  problem.  A  calibration  procedure 
was  instituted  by  which  the  aperture  could  be  removed 
and  the  photocathode  could  be  placed  close  to  the  exit 
window.  The  beams  were  then  not  spatially  resolved, 
but  their  total  intensity  must  be  equal  to  the  sum  of  the 
intensities  of  the  separated  beams. 

A  schematic  of  the  experimental  arrangement  is 
shown  in  Fig.  3. 
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Fig.  3.  Schematic  of  the  light  paths,  the  optical  components, 
and  the  detection  apparatus  to  determine  the  directional  and 
polarization  properties  of  second-harmonic  beams.  L,  ruby  laser; 
Hi,  hydrogen  raman  cell;  IRF,  infrared  filters;  Si,  lX3mm  aper¬ 
ture;  5i,  3X10  mm  aperture;  Ai  and  Ai,  Glan-Kappa  polarizers; 
M,  35%  R  beam  splitter;  Q,  reference  quartz  platelet;  F,  CuSO« 
solution;  IF,  interference  filter  0.486/im;  PMi,  photomultiplier 
EMI  9634;  PMj,  photomultiplier  EMI  6255B;  X-tal,  nonlinear 
crystal  NaCLO;  Liq.,  optically  dense  liquid,  1-bromonapthalene; 
Amp,  dual  channel  linear  amplier,  LRS  133;  ADC,  analog  to 
digital  converter,  LRS  143A;  readout  scalar,  TS1  1535. 

D.  Experimental  Arrangement  with 
Two  Incident  Beams 

In  Fig.  4,  an  experimental  setup  is  shown  which  al¬ 
lows  the  observation  of  second-harmonic  rays  resulting 
from  the  spatial  mixing  of  two  fundamental  light  beams 
incident  from  opposite  sides  of  the  normal.  A  box  struc¬ 
ture  with  three  plane  windows  provided  access  for  the 
laser  beam,  and  exits  for  two  second-harmonic  beams. 
The  second  incident  fundamental  beam  was  obtained 
by  a  mirror  which  reflected  the  laser  beam  back  into 
itself  after  it  had  been  reflected  by  the  front  face  of  the 
crystal.  The  crystal  was  mounted  in  a  brass  holder, 
which  permitted  observation  of  a  reflected  and  a  trans¬ 
mitted  second-harmonic  beam  in  the  direction  of  the 
inward  and  outward  normal,  respectively.  The  crystal 
could  be  rotated  around  a  vertical  axis  with  a  vernier 
control  which  permitted  settings  in  increments  of  0.1°. 
At  the  same  time  the  mirror  was  rotated  around  the 
vertical  axis  in  increments  of  0.2°.  The  flat  mirror  was 
more  than  99%  reflecting  and  consisted  of  evaporated 


Fig.  4.  Experimental  arrangement  for  the  detection  of  normally 
emerging  second-harmonic  rays  by  two-beam  spatial  mixing. 
Wi,  Wj,  and  Wi,  optical  windows;  B,  aluminum  box;  H,  brass 
holder;  M,  silver  mirror  of  99%  (R)  step  reflector;  X-tal,  nonlinear 
crystal,  NaClOi;  Liq.,  optically  dense  liquid,  1-bromonaphthalene. 


Fig.  5.  The  intensities  of  the  two  transmitted  second-harmonic 
beams  as  a  function  of  6,  for  the  geometry  shown  in  the  inset. 
Both  the  laser  and  the  second-harmonic  electric  field  are  normal 
to  the  plane  of  incidence.  The  sum  intensity  of  the  two  transmitted 
beams  is  also  shown.  The  drawn  curves  are  calculated  from  the 
theory. 

silver  or  a  step  reflector  tuned  to  1.0  ^m.  The  mirror  was 
sufficiently  large  and  close  to  the  crystal  so  that  the 
laser  beam  could  be  directed  back  into  itself  over  an 
interval  of  more  than  10°  for  the  angle  of  incidence. 
When  this  angle  exceeds  the  angle  for  total  reflection, 
both  fundamental  beams  have  an  intensity  of  100%. 
The  detector  arms  for  the  second-harmonic  beams  in  the 
direction  normal  to  the  crystal  were  identical  to  those 
described  previously.  Again  the  state  of  polarization 
and  the  direction  of  the  harmonic  beams  were  checked 
by  an  analyzer,  limiting  aperture,  and  appropriate 
filters. 

4.  EXPERIMENTAL  RESULTS 

The  experimental  results  for  the  intensity  of  the  re¬ 
flected  and  transmitted  harmonic  beams  shown  in  Fig. 
1  are  presented  for  several  cases  of  crystal  orientation 
and  polarization. 

(a)  In  the  first  geometry  both  the  fundamental  and 
the  harmonic  electric  field  are  perpendicular  to  the 
plane  of  incidence.  They  are  parallel  to  the  [111]  crystal¬ 
lographic  direction  of  the  crystal.  The  normal  to  the 
crystal  boundary  is  a  [110]  direction.  The  geometrical 
factor  7?  in  Eqs.  (3b)  and  (11)  is  3-1/2.  In  Fig.  5  the 
experimental  points  for  the  intensity  of  the  two  trans¬ 
mitted  beams  on  a  relative  scale  is  given  as  a  function 
of  6,.  The  sum  representing  the  total  transmitted  in¬ 
tensity  is  also  shown.  The  drawn  curves  are  theoretical 
curves  calculated  from  the  last  five  factors 

I  fa.Th\  2 1  FL|  *|  Fs.rNL| 2  cos0s,t(cos0,)-'  , 
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Fig.  6.  Intensity  of  the  reflected  second  harmonic 
for  the  same  geometry  as  Fig.  5. 

in  Eq.  (11),  with  substitutions  from  Eqs.  (1),  (4a),  and 
(6).  The  vertical  scale  is  adjusted  to  the  data. 

The  same  procedure  is  followed  for  the  reflected  in¬ 
tensity,  and  the  results  are  shown  in  Fig.  6.  The  curve 
reflects  the  influence  of  the  linear  and  nonlinear  Fresnel 
factors  shown  separately  in  Fig.  2.  Note  the  existence 
of  cusps  in  the  theoretical  curve  at  0crit(co)  and  0orit(2co). 
At  these  nonanalytic  points  cos0s  and  cos0r  change, 
respectively,  from  real  through  zero  to  pure  imaginary 
values. 

The  intensity  of  the  inhomogeneous  source  wave  cuts 
off  abruptly  for  0,=  0orit(w),  where  cos0^  =  0.  In  the 
same  manner,  the  homogeneous  transmitted  wave  is  cut 
off  at  di—  0crit(2w),  where  cos0r=O.  In  the  range  be¬ 
tween  67.3°<0,<68.7°  there  is  transmitted  harmonic 
power,  but  no  transmitted  fundamental  power.  Note 
that  the  data  in  Fig.  6  show  that  the  reflected  intensity 
becomes  an  appreciable  fraction  of  the  transmitted  in¬ 
tensity  before  0*  reaches  the  critical  value.  The  ampli¬ 
tudes  of  the  two  transmitted  beams  are  noticeably 
different  near  0crit(w). 

The  vertical  scales  of  the  reflected  and  transmitted 
intensities  in  Figs.  5  and  6  have  been  compared  directly. 
The  result  is  shown  in  the  last  row  of  Table  I.  The  agree- 

Table  I.  Ratio  of  the  total  transmitted  harmonic  intensity  at 
0i  =  60°  to  the  reflected  harmonic  intensity  at  8i  —  68°.  Note  the 
large  variation  in  this  ratio  for  the  different  geometries  used. 


SHI  (Transmission  at  ft  =  60°) 
Polarization  SHI  (Reflection  at  di  =  68°) 

E(oj)  Pnls(2oj)  Theor.  Expt. 


_ »a 

tb 

1.7 

1.4 

T 

_ >*c 

10 

9.2 

T 

<~tJ 

0.47 

.42 

T 

T 

3.8 

3.5 

»  Polarization  in  plane  of  incidence. 
b  Poiarization  perpendicular  to  plane  of  incidence. 

0  Polarization  and  propagation  vectors  on  opposite  side  of  plane  normal. 
d  Polarization  and  propagation  vectors  on  same  side  of  plane  normal. 


Fig.  7.  Intensities  of  the  two  transmitted  second-harmonic 
beams  as  a  function  of  Oi  for  the  geometry  shown  in  the  inset. 
The  nonlinear  polarization  lies  in  the  plane  of  incidence.  Theory — 
dashed  curves,  homogeneous  second-harmonic  intensity;  dot- 
dashed  curve,  inhomonogeneous  second-harmonic  intensity;  solid 
line,  total  harmonic  intensity.  Triangles,  circles,  and  squares  show 
experimental  results. 

ment  between  theory  and  experiment  is  very 
satisfactory. 

(b)  In  the  second  geometry,  the  fundamental  electric 
field  vector  is  still  perpendicular  to  the  plane  of  inci¬ 
dence,  but  the  second-harmonic  polarization  lies  in  the 
plane  of  incidence.  The  crystal  is  cut  so  that  the  normal 
to  its  front  face  is  a  [111]  direction,  and  is  positioned 
in  such  a  way  that  the  fundamental  field  is  parallel  to 
the  [110]  direction.  The  second-harmonic  polarization 
is  then  parallel  to  the  cubic  axis  [001].  The  geometrical 
factor  rj  in  this  case  is  5.  The  linear  Fresnel  factor  is 
again  given  by  Eq.  (4a),  but  for  the  nonlinear  Fresnel 
factor  Eqs.  (7)  must  be  used.  The  angle  a  must  be  taken 
such  that  a+0s==h54.6°,  which  is  the  angle  between 
the  nonlinear  polarization  and  the  normal.  Two  cases 
must  be  distinguished.  When  the  nonlinear  polariza¬ 
tion  points  to  the  same  side  of  the  normal  as  the  trans¬ 
mitted  wave  vector,  the  plus  sign  must  be  used.  The 
other  case  is  obtained  by  rotating  the  crystal  180° 
around  its  own  normal.  The  nonlinear  polarization  lies 
again  in  the  plane  of  incidence  but  now  points  to  the 
opposite  side  of  the  normal.  In  this  case  the  minus  sign 
must  be  used;  a—  —54.6 °— 0$. 


Fig.  8.  The  intensity  of  the  reflected  second 
harmonic  for  the  same  geometry  as  Fig.  7. 
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The  result  for  the  transmitted  intensity  for  this  latter 
case  is  shown  in  Fig.  7.  The  result  for  the  reflected  in¬ 
tensity  is  shown  in  Fig.  8.  The  experimental  points  agree 
again  very  well  with  the  drawn  theoretical  curves  calcu¬ 
lated  from  Eqs.  (11),  (4a),  and  (7). 

The  corresponding  results  for  the  case  that  a  =  —  54.6° 
+  0S  are  shown  in  Figs.  9  and  10.  Note  that  the  trans¬ 
mitted  intensity  tends  to  zero  for  0,  =  49.2°.  Here  0  s 
=  54.6°  and  a=0.  The  nonlinear  polarization  is  then 
parallel  to  the  transmitted  direction  0s  and  cannot 
radiate  in  this  direction.  The  vertical  scales  of  the  re¬ 
flected  and  transmitted  intensities  were  again  compared 
with  each  other  for  both  cases  in  (b).  The  results  are 
shown  in  rows  2  and  3  of  Table  I.  The  large  difference 
in  the  ratio  of  reflected  and  transmitted  intensity  for 
the  two  cases  is  confirmed  experimentally.  When  the 
harmonic  polarization  lies  on  the  opposite  side  of  the 
normal  as  the  reflected  and  transmitted  beam  direction, 
the  reflected  intensity  is  generally  lower.  There  is  a 
Brewster  angle  for  0;  near  50°,  where  the  reflected  in¬ 
tensity  is  zero.  This  occurs  for  a+0s+0r=  —  54.6° 
+  07’=O,  according  to  Eq.  (7a). 

(c)  In  the  third  geometry,  the  fundamental  electric 
field  vector  is  polarized  in  the  plane  of  incidence.  The 
linear  Fresnel  factor  is  now  given  by  Eq.  (4b).  The 
nonlinear  polarization  is  perpendicular  to  the  plane  of 
incidence.  The  crystal  orientation  is  such  that  the 
normal  to  the  boundary  is  a  [110]  direction,  and  the 
[001]  direction  is  normal  to  the  plane  of  incidence.  The 
geometrical  projection  factor  17  is  now  given  by 

rj  =  cos(0s— 45°)  cos(0s+45°)  =  |  — sin20s.  (12) 

F~r  °-=45°,  corresponding  to  0;=41°,  the  fundamental 
field  is  parallel  to  a  cubic  axis  of  the  crystal  and  the  non¬ 
linear  polarization  vanishes. 


Fig.  9.  The  intensities  of  the  two  transmitted  second-harmonic 
beams  as  a  function  of  0,  for  the  geometry  shown  in  the  inset. 
It  differs  from  that  in  Fig.  7  by  a  rotation  of  the  crystal  by  180° 
around  the  normal.  Note  the  break  in  the  horizontal  axis  scale. 
Theory — dashed  curve,  homogeneous  second-harmonic  intensity; 
dot-dashed  curve,  inhomogeneous  second-harmonic  intensity; 
solid  line,  total  harmonic  intensity;  Triangles,  circles,  and  squares 
show  experimental  results. 


Fig.  10.  The  intensity  of  the  reflected  second 
harmonic  for  the  same  geometry  as  Fig.  9. 


In  this  geometry  the  transmitted  harmonic  intensity 
was  also  observed  near  normal  incidence.  For  small 
values  of  0,  some  oscillation  in  the  total  transmitted 
intensity  was  observed.  The  crystal  was  slightly  wedged 
and  the  interference  between  the  two  overlapping  trans¬ 
mitted  beams  was  largely,  but  not  completely,  averaged 
out.  The  remaining  averaging  could  be  done  graphically. 
The  total  transmitted  intensity  could  now  be  compared 
over  the  full  range  O<0i<7O°.  The  results  are  shown 
in  Fig.  11,  and  agree  with  the  theoretical  predictions 
over  the  whole  range.  The  results  for  the  reflected  in¬ 
tensity  near  the  critical  angle  for  this  geometry  are 
shown  in  Fig.  12.  The  drawn  curves  are  theoretical 


Fig.  11.  Transmitted  harmonic  intensity  as  a  function  of  the 
angle  of  incidence  for  the  geometry  shown  in  the  inset.  The  inci¬ 
dent  electric  field  vector  lies  in  the  plane  of  incidence.  The  geo¬ 
metrical  factor  7)  is  now  a  function  of  0;,  given  by  Eq.  (12).  Note 
the  breaks  in  the  horizontal  axis.  The  drawn  theoretical  curve  for 
the  total  transmitted  intensity  agrees  with  the  experimental 
points  for  all  values  of  0,-. 
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curves  calculated  from  Eqs.  (11),  (4b),  (6),  (10),  and 
(12).  The  ratio  of  the  reflected  and  transmitted  inten¬ 
sities  is  compared  in  row  1  of  Table  I.  The  agreement 
between  theory  and  experiment  is  again  good  over  the 
whole  range  of  0„  also  with  respect  to  the  absolute  scale 
of  the  reflected  intensity.  Unfortunately,  the  experi¬ 
mental  results  are  not  sufficiently  accurate  to  reproduce 
the  cusps  at  the  critical  angles. 

5.  EXPERIMENTAL  RESULTS  IN  TWO-BEAM 
SPATIAL  MIXING 

When  the  fundamental  beams  impinge  on  the  non¬ 
linear  crystal  with  equal  angles  of  incidence  from  op¬ 
posite  sides  of  the  normal,  a  nonlinear  polarization 
component  is  created  with  zero  tangential  component 
of  the  wave  vector.  Since  this  polarization  has  the  same 
phase  at  all  points  along  the  surface,  it  radiates  second 
harmonic  in  the  normal  inward  and  outward  direction. 

The  geometry  is  shown  in  Fig.  4.  The  incident  laser 
beams  are_polarized  normal  to  the  plane  of  incidence, 
along  a  [110]  direction  of  the  crystal.  The  normal  is  a 
[111]  direction  and  the  nonlinear  polarization  is  along 
a  [001]  direction  and  makes  an  angle  of  54.6°  with  the 
normal.  The  polarization  lies  in  the  plane  of  incidence 
and  Eq.  (7)  should  be  used  for  the  nonlinear  Fresnel 
factor  with  a=54.6°.  Since  the  direction  of  the  radia¬ 
tion  is  normal,  one  may  equally  well  use  Eq.  (6),  pro¬ 
vided  a  factor  sina  is  added  to  each  of  them.  The  geo¬ 
metrical  factor  rj  is  equal  to 

The  appropriate  values  for  the  angles  occuring  in 


Fig.  12.  Reflected  harmonic  intensity  as  a  function  of  the  angle  of 
incidence  in  the  same  geometry  as  Fig.  11. 


Fig.  13.  Intensity  of  the  second-harmonic  radiation,  reflected  in 
the  normal  direction,  as  a  function  of  the  angle  of  incidence  0, 
of  two  fundamental  beams  entering  from  opposite  sides  of  the 
normal. 

Eq.  (1)  are,  for  this  case, 

es=eT=eR=o.  (13) 

The  value  of  ts  is  determined  by  the  length  of  the 
source  wave  vector; 

ks=2coc_1es1/2^=  2o«r_1«(o))[l— sin20,-/sm20crit(a>)]1/2$. 

(14) 

For  0,->  0crit(«),  this  wave  vector  is  pure  imaginary  and 
«s<0.  The  refractive  index  of  the  crystal  at  the  funda¬ 
mental  frequency  is  «(w).  The  cross  section  of  the  beam 
is  given  by  dd'{ cos0i)_1.  The  linear  Fresnel  factor  in  this 
case  is  given  by  Eq.  4(a),  but  with  cos 9s  replaced  by 
[1  —  sin20j/sin20Crit(«)]l/2-  The  amplitude  of  the  first 
incident  beam  is  again  denoted  by  E0.  The  amplitude 
of  the  second  beam  is  then  given  by  EnFRLr.  Here  r  is 
a  complex  reflection  factor  taking  into  account  the  re¬ 
flection  and  phase  shift  of  the  beam  traveling  back  and 
forth  from  the  mirror.  We  may  take  |r|  =  1.  The  linear 
Fresnel  reflection  factor  describes  the  change  in  ampli¬ 
tude  on  reflection  from  the  front  surface  of  the  crystal ; 

cos0  i — sin0or  h(co)  [  1  —  sin20</  sin20crit  (w)  ] 1  /2 

F*L= - .  (15) 

cos0j-Fsin0crit(co)[l  — sin20,/sin20orit(«)]1/2 

For  9i>  9 crit(w),  one  has  |  Fbl|  =  1.  The  nonlinear  polari¬ 
zation  in  this  geometry  is  given  by 

PNLS(2o>)  =  2(r?=|)X12NL(FL)2FflLr£02 .  (16) 

The  factor  2  is  a  degeneracy  factor,  arising  from  the  fact 
that  one  has  to  take  the  cross  product  of  two  beams. 
At  this  point  it  is  appropriate  to  remark  that  all  for¬ 
mulas  have  been  given  for  single-mode  laser  beams.  The 
actual  laser  beam,  although  nearly  diffraction  limited, 
still  contains  a  large  number  of  longitudinal  frequency 
modes.  This  multimode  nature  produces  an  increase  in 
second-harmonic  production  and  Eq.  (11)  should  actu¬ 
ally  be  multiplied  by  a  factor  of  2.  This  extra  multimode 
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factor  does  not  occur  in  the  case  of  the  cross-beam 
generation.14 

Finally,  we  obtain  for  the  intensity  of  the  normally 
reflected  second-harmonic  beam 

Ib{2»)  =  (c/&ir)tRw  |  £0|  W(4ttX14nl)2  |  Fl|  4 

X  |FBL|2|FflNL|2(cos0i)_1.  (17) 

When  Eqs.  (7a),  (13),  (14),  (4a),  and  (15)  are  sub¬ 
stituted  into  Eq.  (17),  the  drawn  curve  in  Fig.  13  is 
obtained  for  the  reflected  harmonic  intensity  as  a  func¬ 
tion  of  Oi.  The  increase  as  0,  approaches  0crit(w)  is 
largely  caused  by  the  increase  in  Frl.  The  intensity  of 
the  returning  fundamental  beam  increases.  For 
0»>0orit(w),  |Frl|2  =  1  is  constant.  The  subsequent  de¬ 
crease  is  dominated  by  the  decrease  in  |  FL  | 4.  The  funda¬ 
mental  field  transmitted  into  the  crystal  diminishes.  The 
variation  in  the  nonlinear  Fresnel  factor  is  rather  small, 
even  though  (a  goes  through  zero  at  0i=0o rit(w)- 

The  transmitted  intensity  7r(co)  is  given  by  an  ex¬ 
pression  identical  to  Eq.  (17),  except  that  Frnl  is  re¬ 
placed  by  Ftnl,  given  by  Eq.  (7c).  Furthermore,  a 
factor  |  /rL| 2  close  to  unity  must  be  added  to  take  care 
of  the  Fresnel  reflection  at  the  exit  face  of  the  crystal. 
For  0,>  0crit(u),  the  inhomogeneous  solution  is  exponen¬ 
tially  damped  and  only  7r(2a>)  is  observed  in  trans¬ 
mission.  For  0,<0Orit(w),  the  intensity  7s(2u>)  should  be 
added  to  obtain  the  total  intensity  transmitted  through 
the  wedge-shaped  crystal.  In  this  geometry,  however,  ea 
is  very  small  for  0,  near  0crit  and  the  factor  (7b)  is 
about  equal  to  er-1.  It  is  smaller  than  the  factors  given 
by  Eqs.  (7a)  and  (7c)  over  the  range  of  angles  under 
investigation.  Consequently,  the  experimental  data  for 
transmission  may  be  directly  compared  with  the  theo¬ 
retical  curve  for  7r(2co),  as  shown  in  Fig.  14.  The 
behavior  is  almost  identical  to  that  for  the  reflected 
intensity  and  is  dominated  in  the  same  manner  by  the 
linear  Fresnel  factors.  The  transmitted  harmonic  inten¬ 
sity  persists  for  all  angles  of  incidence  up  to  0*=  90°. 

6.  POLARIZATION  OF  TRANSMITTED 
HARMONIC  BEAMS 

Thus  far,  the  theory  and  the  discussion  of  the  polari¬ 
zation  properties  has  proceeded  in  the  manner  which 
would  be  exact  for  the  crystal  class  43m.  There  both  the 
fundamental  and  harmonic  beams  in  the  crystals  may 
indeed  be  considered  as  linearly  polarized,  either  in  the 
plane  of  incidence  or  perpendicular  to  it.  Crystals  of 
the  class  23,  to  which  NaC103  belongs,  have  natural 
optical  activity  and  the  plane  of  linear  polarization  does 
not  remain  constant.  The  proper  normal  modes  or 
propagation  in  the  crystal  are  circularly  polarized 
waves. 

The  boundary  conditions  are,  however,  most  con¬ 
veniently  written  down  for  the  case  of  linear  polariza¬ 
tion  parallel  and  perpendicular  to  the  plane  of  incidence. 

u  J.  Ducuing  and  N.  Bloembergen,  Phys.  Rev.  133,  A1499 
(1964). 


Fig.  14.  Intensity  of  the  second-harmonic  radiation  transmitted 
in  the  normal  direction.  The  geometry  is  the  same  as  that  of  Fig. 
13. 

In  calculating  the  direction  and  intensity  of  the  har¬ 
monic  beams  this  adopted  procedure  is  essentially  cor¬ 
rect.  The  reason  is  that  the  natural  optical  activity 
is  sufficiently  small  that  the  rotation  of  the  direction 
of  polarization  of  both  the  fundamental  and  harmonic 
beams  can  be  ignored  in  a  thin  layer  near  the  surface 
with  a  thickness  of  the  order  of  one  coherence  length 
given  by  2wc~1[«(w)  — «(2w)]7COh=ir- 

The  linearly  polarized  transmitted  homogeneous  har¬ 
monic  wave  created  in  this  layer  will  propagate  in  the 
crystal  with  a  rotation  of  its  plane  of  polarization  de¬ 
termined  by  its  natural  optical  activity.  The  polariza¬ 
tion  of  the  inhomogeneous  solution  is  more  intriguing. 
As  the  fundamental  beam  propagates  into  the  crystal, 
its  plane  of  polarization  is  turned  and  the  direction  of 
the  induced  polarization  given  in  each  unit  cell  by  Eq. 
(3a)  and  its  cyclic  permutations  will  vary.  At  each  lat¬ 
tice  point  the  nonlinear  polarization  is  still  presented 
by  a  linear  vector,  since  the  fundamental  field  is  linearly 
polarized  and  there  are  no  phase  shifts  between  the 
Cartesian  components  of  PNLS. 

Since  the  proper  normal  modes  of  the  waves  in  the 
linear  medium  are  circularly  polarized  waves,  we  de¬ 
compose  the  nonlinear  polarization  also  in  circular  com¬ 
ponents  and  write 

Pic^Xtr^Er*  exp(2xkrcL-  r)  +  X:iNL£Jc2 

Xexp(2xkj0L-  r) , 

Pr(!NL=XrrNL£rn2  exp(2xkrcL-  r)-fiXwNL£J(.2 

Xexp(2xkJcL- r).  (18) 

The  nonlinear  coefficients  are  all  proportional  to 
X14nl  and  are  related  to  it  by  a  linear  transformation. 
The  coefficients  are  different  for  each  direction  of  prop¬ 
agation  of  the  fundamental  beam  given  by  the  wave 
vector  kL.  The  reality  of  the  tensor  Xi4NL  requires  a 
linear  harmonic  polarization  if  the  fundamental  beam 
is  linearly  polarized.  It  is  required  that  |PI<,NL| 
=  |  PrcNL|  for  |  Ere I  =  |  Ete\ .  This  must  be  true  for  any 
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position  r  in  the  crystal.  By  multiplying  Eqs.  (18)  by 
their  respective  complex  conjugates  and  equating  the 
results,  one  finds  that  this  can  be  satisfied  only  if  Xn=  XTT 
and  Xir=Xri.  For  the  special  case  that  the  laser  beam 
propagates  along  the  [ill]  direction,  which  is  an  axis 
of  threefold  symmetry,  an  explicit  proof  has  previously 
been  given  that  Xu  =  Xrr=0.  In  this  case  a  circularly 
polarized  laser  beam  creates  a  harmonic  beam,  cir¬ 
cularly  polarized  in  the  opposite  sense.9 

It  is  seen  from  Eq.  (18)  that,  in  general,  the  inhomo¬ 
geneous  source  term  is  characterized  by  two  wave  vec¬ 
tors  2kroL  and  2k(„L.  Because  of  the  orthogonality  of 
the  circular  polarizations,  the  left  circular  polarized 
harmonic  wave  is  driven  only  by  PicNL.  The  inhomo¬ 
geneous  wave  solution  follows  from  Maxwell’s  equation 
according  to  Eq.  (2.5)  in  BP, 


47rXu(2  w/c)2 

Eic,s( 2co)  = - Eic2  exp(2zkJcL-  r) 

kic2(  2co)  —  4£zc2(co) 

47rX;r(2co/c)2 

H - Ere1  exp(2fkrcL-  r) . 

kic2{  2w)  — 4&rc2(co) 


(19a) 


Similarly,  we  have  for  the  right  circularly  polarized 
wave 


47rXrj(2co/c)2 

ETc,s( 2«)  = - Eic 2  exp(2j'kJcL- 

&rc2(2co)— 4  ku2{u>) 

47rXrr(2a)/c)2 

H - Erc2  exp(2?krcL- 

krc2(2o})—  4&rc2(o>) 


r) 

r). 


(19b) 


Because  of  the  slightly  different  denominators  which 
represent  slight  differences  in  coherence  lengths,9  the 
inhomogeneous  wave  solution  is  in  general  elliptically 
polarized,  even  if  the  fundamental  beam  has  a  linear 
polarization  at  each  lattice  point.  The  degree  of  elliptic^ 
ity  at  each  point  is  usually  very  small,  and  to  a  good 
approximation  one  may  say  that  Eqs.  (19)  yield  an  in¬ 
homogeneous  wave  which  is  nearly  linearly  polarized 
in  a  direction  parallel  to  the  nonlinear  polarization  at 
each  lattice  point.  This  description  is  exact  if  the  funda¬ 
mental  beam  propagates  along  the  [111]  direction.  Then 
the  inhomogeneous  beam  is  exactly  linearly  polarized 
at  each  lattice  point  and  its  plane  of  polarization  rotates 
in  a  sense  opposite  to  the  natural  optical  activity  at  a 
rate  —  2a(w),  where  a(co)  is  the  optical  activity  of  the 
fundamental  beam.  This  same  behavior  is  still  approxi¬ 
mately  correct  in  other  directions  of  propagation,  but 
sometimes  caution  must  be  exercised  and  the  exact 
solutions  (19)  be  used.  The  following  example  illus- 
strates  this  point.  When  the  fundamental  propagates 
along  a  [110]  direction,  its  electric  field  will  at  certain 
points  in  the  crystal  become  parallel  to  the  [001]  direc¬ 
tion,  due  to  natural  optical  activity.  At  these  points  the 
nonlinear  polarization  given  by  Eq.  (18)  vanishes,  but 
the  inhomogeneous  wave  amplitudes  given  by  Eqs.  (19) 


do  not  vanish.  It  will  generally  be  small  in  amplitude 
and  strongly  elliptically  polarized  near  these  points.  In 
most  locations  in  the  crystal,  the  field  of  the  inhomo¬ 
geneous  wave  will  be  essentially  parallel  to  the  second- 
harmonic  polarization  at  that  location. 

The  amplitudes  of  the  two  circularly  polarized  homo¬ 
geneous  transmitted  beams  should,  in  principle,  be  cal¬ 
culated,  together  with  the  two  components  of  the  re¬ 
flected  waves,  from  four  simultaneous  linear  equations 
describing  the  continuity  of  the  tangential  components 
for  E  and  H.  Because  the  natural  optical  activity  is 
small,  i.e.,  \kra— &j0|«|A| ,  the  transmitted  amplitude 
may  be  calculated  with  the  equations  for  linear  polari¬ 
zations  parallel  and  normal  to  the  plane  of  incidence, 
respectively.  This  procedure  was  adopted  in  this  paper. 
The  linear  polarization  is  subsequently  decomposed  in 
right  and  left  circularly  polarized  waves  of  equal  ampli¬ 
tude.  The  homogeneous  transmitted  solution  thus  con¬ 
sists  of  a  linearly  polarized  wave  with  a  plane  of  polari¬ 
zation  precessing  with  the  natural  optical  activity  con¬ 
stant  a(2«). 

Experimentally,  it  was  indeed  found  that  the  trans¬ 
mitted  waves  were  each  essentially  linearly  polarized, 
but  that  their  planes  of  polarization  precessed  in  op¬ 
posite  directions.  This  experiment  was  carried  out  in 
the  geometry  of  Fig.  7  with  an  angle  of  incidence 
di—  66.5°.  The  path  length  l  in  the  crystal  was  about 
6  mm  and  the  optical  activity  for  NaClOs  is  a(co) 
=  l.l°/mm  and  a(2w)  =  4.6°/mm.9  The  polarization  of 
the  homogeneous  transmitted  wave  was  rotated  by 
a(2c d)l  and  the  direction  of  polarization  of  the  inhomo¬ 
geneous  solution  was  indeed  the  same  as  that  calculated 
for  the  harmonic  polarization  at  the  exit  face  of  the 
crystal.  The  correction  to  the  intensity  calculated  from 
the  exact  solution,  Eq.  (19),  compared  to  the  intensity 
calculated  from  Eq.  (11)  is  negligible. 

When  the  two  transmitted  beams  are  not  spatially 
separated,  the  total  transmitted  intensity  shows,  in 
general,  an  elliptical  polarization. 

7.  DISCUSSION  AND  CONCLUSION 

The  experimental  results  reported  in  this  paper  pro¬ 
vide  additional,  rather  striking  and  detailed,  confirma¬ 
tion  of  the  BP  theory  on  the  behavior  of  light  waves  at 
the  boundary  of  a  nonlinear  medium.  Although  the 
theory  was  developed  for  a  homogeneous  incident  plane 
wave  of  infinite  cross  section,  the  results  are  well  de¬ 
scribed  by  taking  the  field  solution  for  this  infinite  case 
and  then  cutting  off  the  beam  by  considerations  of  geo¬ 
metrical  optics.  The  reason  that  this  simple  procedure 
works  so  well  is  caused  by  the  fact  that  the  beam  diam¬ 
eter  is  large  compared  to  the  characteristic  dimensions 
of  the  physical  problem.  Diffraction  effects  will  be  small 
when  d  (or  d')  (cos0,s/cos0;)<<C§X.  When  the  beam  propa¬ 
gates  at  an  angle  to  the  surface,  it  is  also  important  that 
the  beam  dimension  normal  to  the  surface  be  large  com- 
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pared  to  the  coherence  length.  This  requires  that 

d  (or  d')  (cos0/cos0i)<£(es112  cos 0s~tT112  cos 0r)_1 

X0rc/2w).  (20) 

The  coherence  length  for  normal  incidence  is  given  by 

dcoh=|es1/2-ts1/2|-1W2co).  (21) 

For  transmitted  beams  propagating  nearly  parallel  to 
the  boundary,  the  expression  on  the  right  side  of  Eq. 
(20)  may  be  evaluated  as  follows4:  For  cos0,s  =  O, 
sin0r=  er-1/2ts+1/2  and  eTin  cos 6t=  («t— «s)1/2-  The  co¬ 
herence  length  perpendicular  to  the  direction  of  propa¬ 
gation  in  this  case  of  the  order  (dc 0hX)1/2. 

In  addition,  it  is  necessary,  according  to  Sec.  8  of  BP, 
for  the  path  length  along  the  beam  direction  in  the 
crystal  to  be  larger  than  dco h-  Only  in  this  case  can 
the  two  transmitted  beams  be  spatially  separated  and 
can  the  theoretically  calculated  intensities  of  the  sepa¬ 
rate  beams  be  observed. 

F or  our  crystal  dCOh = 2  X  10~3  cm,  and  =  5  X 10-5  cm, 
and  the  path  length  in  the  crystal  is  about  0.5  cm.  The 
inequalities  are  obviously  well  satisfied  for  a  diameter  of 
the  incident  beam  of  Kh-1  cm,  except  in  the  immediate 
vicinity  of  the  angle  for  total  reflection.  Here  cos0s=O, 
reducing  the  geometrical  cross  section  to  zero,  and  the 
inequalities  are  not  satisfied.  In  the  immediate  vicinity 
of  the  critical  angle  one  has  for  0t=  0crit(w)  — A0;, 
^A0s2='cot0OritA0i.  The  thickness  of  the  beam  increases 
from  zero  as  d'  cos0s=d'(2  cot0crit)1/2(A0i)1'2.  Even  for 
Adi—  10~4  rad,  or  0,-  less  than  half  a  minute  of  arc  below 
the  critical  angle,  the  beam  diameter  is  already  10 ~2d' 
~10~3  cm,  and  the  inequalities  are  already  satisfied.  It 
is  therefore  not  surprising  that  the  simple  BP  theory 
gives  a  good  fit  to  the  experimental  points  everywhere. 

The  theory  of  parametric  harmonic  generation  could 
be  extended  to  the  case  of  beams  of  finite  diameter  in 
the  same  manner  as  this  has  been  done  for  linear  total 
reflection  of  beams  of  finite  diameter.15  Undoubtedly 
the  phenomenon  of  the  Goos-Hanchen  shift16  will  cause 
a  slight  lateral  displacement  of  the  second-harmonic 
beams.  For  the  explanation  of  the  present  experiments 
such  refinements  are  not  necessary.  For  the  case  of  phase 
matching,  as  has  been  observed  for  total  reflection  in 
second-harmonic  generation  from  KDP,4  the  required 
inequalities  cannot  be  satisfied  since  dco h  becomes  in¬ 
finite.  In  that  case  the  finite  dimesions  d'  of  the  beam 
is  important4  and  a  more  elaborate  theoretical  treat- 

16  H.  K.  V.  Lotsch,  J.  Opt.  Soc.  Am.  58,  551  (1968).  This  paper 
contains  many  references  to  earlier  work. 

16  F.  Goos  and  H.  Hanchen,  Ann.  Physik  (6)1,  333  (1947). 


ment  would  be  in  order.  In  this  case  the  optical  aniso¬ 
tropy  should  also  be  taken  into  account.17 

The  question  of  power  flux  densities  is  also  interesting 
from  a  theoretical  point  of  view,  even  for  beams  of  in¬ 
finite  cross  section.  For  linear  total  reflection  the  normal 
flux  density  into  the  medium  vanishes.  We  have  seen 
that  for  angles  0Crit(w)<0i<0crit(2co);  also  in  the 
two-beam  experiment,  for  any  0*  there  is  transmitted 
second-harmonic  power.  There  is  also  a  second-har¬ 
monic  power  flux  in  the  reflected  direction.  Conserva¬ 
tion  of  energy  at  the  boundary  in  the  steady  state 
dictates  that  there  is  now  a  power  flow  into  the  crystal 
at  the  fundamental  frequency.  The  reaction  of  the 
second-harmonic  fields  back  onto  the  fundamental 
fields,  which  has  been  ignored  in  the  parametric  theory, 
causes  the  reflected  fundamental  power  to  be  slightly 
smaller  than  the  incident  power  even  for  0,>  0crit(w), 
and,  strictly  speaking,  there  is  no  more  total  reflection 
at  the  fundamental  frequency.  In  the  boundary  con¬ 
ditions  one  must  take  account  of  the  nonlinear  polari¬ 
zation  at  the  fundamental  frequency  proportional  to 
£(2u>)£*(w). 

In  conclusion,  it  may  be  said  that  now  all  aspects  of 
the  BP  theory  have  been  verified.  This  theory  has, 
moreover,  been  slightly  extended  to  include  cubic  and 
isotropic  media  with  natural  optical  activity.  This  re¬ 
results  in  a  rotation  of  the  plane  of  polarization  of  the 
two  transmitted  harmonic  beams  in  opposite  sense. 
Many  interesting  geometries  of  total  reflection  have 
been  investigated.  The  separation  of  the  inhomogeneous 
and  homogeneous  transmitted  beam  by  the  nonlinear 
prism  action  has  been  verified,  and  their  behavior  is 
understood  regardless  of  the  value  of  the  transmitted 
angles,  even  when  these  become  complex.  In  a  certain 
sense  parametric  harmonic  generation  serves  as  an  ideal 
probe  for  the  evanescent  fields  which  exist  inside  the 
optically  less  dense  medium  on  total  reflection.  The 
reaction  of  the  harmonic  generation  on  the  fundamental 
field  distribution  is  so  small  that  these  exponentially 
decaying  fields  are  essentially  undistorted  from  what 
their  value  would  be  in  the  linear  medium.  The  ob¬ 
served  harmonic  intensity  is  determined,  through  the 
linear  and  nonlinear  complex  Fresnel  factors,  by  the 
imaginary  wave-vector  component  associated  with  the 
evanescent  waves. 
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ABSTRACT 

The  redistribution  of  angular  momentum  over  atomic  spin  and 
orbitals,  crystalline  lattice  and  electromagnetic  field  is  analyzed 
for  a  variety  of  linear  and  nonlinear  optical  processes  in  crystals. 
Simple  classical  and  quantummechanical  models  are  discussed. 
Special  attention  is  paid  to  the  magnetization  of  a  body  by  light  in 
the  inverse  Faraday  effect  and  the  generation  of  circularly  polarized 
optical  harmonics  by  laser  light  which  is  polarized  in  the  opposite 
sense. 


Introduction 

In  Kastler’s  original  paper  [x]  on  optical  pumping  of  atoms 
the  importance  of  the  balance  of  angular  momentum  is  obvious. 
Circular  polarized  light  quanta  are  absorbed.  The  angular 
momentum  of  the  EM  field  is  decreased  by  one  unit  h  and  the 
angular  momentum  of  the  atomic  system  is  increased,  A m  =  +  1 , 
or  vice  versa.  The  re-emitted  light  from  the  excited  state  is  in 
general  a  mixture  of  various  polarizations  with  a  corresponding 
change  in  the  atomic  angular  momentum  of  A m  =  0,  A m  =  +  1 
or  Am  =  —  1.  The  net  result  is  a  change  of  the  average 
angular  momentum  of  atoms  in  the  electronic  ground  state. 
During  the  absorption  and  emission  processes  the  electro¬ 
magnetic  field  has  undergone  a  net  change  of  angular  momentum 
of  equal  magnitude  and  opposite  sign. 
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The  pumping  in  a  microwave  solid  state  maser  can  be 
discussed  without  any  explicit  reference  to  angular  momentum  [2] . 
The  pumping  is  based  on  the  selection  of  a  particular  transition 
on  the  basis  of  energy  splitting  or  resonance.  When  the  author 
was  a  visiting  professor  at  the  Ecole  Normale  Superieure  in  1957, 
Professor  Kastler  posed  the  question  what  happens  to  the  angular 
momentum  in  the  case  of  the  solid  state  maser.  During  the 
important  spin-lattice  relaxation  processes,  the  angular  momen¬ 
tum  of  the  electromagnetic  field  remains  unchanged,  but  the 
change  in  angular  momentum  associated  with  the  change  in 
population  of  the  various  energy  levels  of  the  spin  hamiltonian 
is  compensated  by  a  corresponding  change  of  the  angular 
momentum  of  the  crystalline  lattice.  It  can  be  shown  quite 
explicitly  for  spin-lattice  relaxation  by  dipole-dipole  or  crystal¬ 
line  field  interactions  that  the  sum  of  spin  and  lattice  angular 
momentum  is  conserved  [3]. 

This  exchange  between  spin,  electronic  orbital  and  lattice 
angular  momentum  is  also  vital  in  the  magneto-mechanical 
effects,  the  Einstein-de  Haas  and  the  Barnett  effect.  A  detailed 
discussion  for  this  effect  in  the  case  of  paramagnetic  ions  has 
been  given  by  Gorter  and  Kahn  [4]  and  for  ferromagnets  by 
Van  Vleck  [5]  and  Kittel  [«]. 

Quite  generally  the  question  of  angular  momentum  balance 
can  only  be  discussed  properly  by  simultaneously  considering 
the  angular  momentum  of  the  electronic  spins  and  orbitals,  the 
crystalline  lattice  and  the  electromagnetic  field, 

AJg  +  AJ0  +  AJl  +  AJEM  —  0.  (1) 

In  the  magneto-mechanical  and  magnetic  relaxation  pro¬ 
cesses  one  may  ignore  the  momentum  of  the  electromagnetic 
field  and  put  AJEM  =  0.  In  the  optical  pumping  of  free  atoms 
one  may  assume  AJL  —  0.  Actually,  relaxation  processes  by 
atomic  collisions  in  the  gas  or  by  wall  collisions  are  important 
for  optical  pumping  of  a  gas  cell  and  the  transfer  of  angular 
momentum  to  the  gas  or  to  the  wall  should  be  taken  into  account 
and  will  in  general  produce  a  nonvanishing  value  of  AJL. 

The  magnetization  of  a  ruby  crystal  produced  by  the  absorp¬ 
tion  of  ruby  laser  light  [7]  presents 'essentially  the  same  problems 
as  far  as  the  conservation  of  angular  momentum  is  concerned. 
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It  is  possible  to  produce  an  important  change  in  the  magneti¬ 
zation  even  during  a  linear  polarized  ruby  laser  pulse.  In  this 
case  AJ|b^  =  0  for  the  absorbed  light.  During  the  short  laser 
pulse  the  fluorescent  light  re-emitted  is  negligible,  because  the 
fluorescent  life  time  of  the  2E  states  is  about  1  millisecond. 
One  has,  therefore,  also  AJ^  =  0. 

The  change  in  magnetization,  which  was  the  experimentally 
observed  quantity,  may  be  calculated  from  the  expectation  value 
of  <  L  +  2S  >  =  geff  <  Seff  )  before  and  after  the  absorption 
of  the  ruby  laser  pulse.  Due  account  must  be  taken  of  the  fact 
that  the  spin-lattice  relaxation  time  between  the  ground  states  4A2 
is  long  compared  to  the  laser  pulse,  but  the  relaxation  time 
between  the  excited  states  2A(2E)  and  E(2E)  is  fast.  A  marked 
anomaly  as  a  function  of  the  external  magnetic  field  occurs 
near  anti-crossing  of  levels  of  the  4A2  ground  state  quartet  [7]. 

The  change  in  angular  momentum  may  in  principle  be 
calculated  in  a  similar  manner  from  the  expectation  value  of 
Iri  <  L  +  S  )  before  and  after  the  laser  pulse  absorption.  The 
change  is,  of  course,  balanced  by  a  change  in  angular  momentum 
of  the  crystal  as  a  whole. 

In  experiments  with  absorption  of  circularly  polarized  laser 
pulses  one  has  a  nonvanishing  value  of  AJEM.  Quite  generally 
the  lattice  momentum  can  always  be  determined  from  the 
balance  equation  (1).  To  see  the  detailed  microscopic  physical 
process  by  which  this  angular  momentum  is  transferred  to  the 
lattice  requires  the  explicit  introduction  of  the  crystal  field 
potential  and  the  dipole-dipole  interaction  hamiltonian  with 
explicit  lattice  coordinates. 

In  diamagnetic  materials  the  first  two  terms  in  eq.  (1)  may 
usually  be  ignored.  An  example  is  provided  by  the  experiment 
of  Beth  [8],  who  demonstrated  for  the  first  time  the  reality  of 
angular  momentum  carried  by  a  circular  polarized  light  wave. 
Each  circular  polarized  photon  carries  an  angular  momen¬ 
tum  ±  h  around  the  direction  of  propagation  [9].  An  interesting 
demonstration  at  microwave  frequencies  has  recently  been  given 
by  Allen  [10]. 

In  Beth’s  experiment  [8]  a  right  circular  polarized  light 
wave  is  changed  to  a  left  circular  polarized  wave  by  passage 
through  a  half  wave  retardation  quartz  plate.  In  this  process 
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a  torque  T  is  exerted  on  the  quartz  which  was  measured  by 
a  torsion  wire.  It  should  be  noted  that  the  torque  on  a  volume 
element  of  the  quartz  is  zero,  when  the  light  is  truly  circularly 
polarized  which  is  the  case  near  the  entrance  and  exit  surface 
of  the  half  wave  platelet.  The  torque  is  a  maximum  when  the 
light  is  linear  polarized  at  an  angle  of  45°  with  respect  to  the 
optic  axis.  Due  to  the  optical  anisotropy  the  polarization  P 
then  makes  an  angle  with  the  field  E  and  the  torque  per  unit 
volume  is  given  by  P  X  E. 

A  simple  classical  model  for  this  state  of  affairs  is  provided 
by  a  three-dimensional  harmonic  oscillator  with  different  spring 
constants  along  and  perpendicular  to  the  optic  axis.  In  the 
corresponding  quantummechanical  model  one  may  consider  an 
atomic  system  with  a  singlet  ground  state  |  g0  >  and  excited 
triplet  state.  This  triplet  is  split  by  the  crystal  field  into  a  singlet 
|  z  )  =  |  mz  =  0  )  and  a  doublet  |  x  )  =  2-1/2[|  +  1  >  +  |  —  1  >] 
and  | y  )  =  2~1/2[|  +  1  >  —  |  —  1  >].  The  light  wave  propa¬ 
gates  along  the  jy-direction  at  right  angles  to  the  optic  ^-axis. 
When  the  light  wave  is  polarized  along  the  2>axis,  only  the 
state  |  z  )  will  be  admixed  to  the  ground  state  and  when  the 
light  wave  is  polarized  along  the  x-axis,  only  the  |  x  >  state. 
The  expectation  value  of  the  electronic  angular  momentum 
remains  zero.  The  depression  in  energy  Aw0  of  the  ground 
state,  which  can  be  easily  calculated  by  second  order  pertur¬ 
bation  theory,  will  depend  on  the  direction  of  the  optical 
polarization  in  the  xz-plane.  The  torque  exerted  on  the  lattice 
is  given  by  Nd(Aw0)/d^v,  where  N  is  the  number  of  atoms  or 
anisotropic  oscillators.  This  model  shows  the  importance  of 
the  crystal  field  potential,  as  might  be  expected  if  angular 
momentum  is  to  be  transferred  to  the  lattice. 

In  the  remainder  of  this  note  we  discuss  the  angular  momen¬ 
tum  balance  for  some  other,  nonlinear,  light  processes  in  crystals 
which  have  been  investigated  in  recent  years.  The  magnetiza¬ 
tion  of  a  crystal  by  a  light  beam  in  the  inverse  Faraday  effect  [n] 
and  the  creation  of  circular  polarized  harmonic  light  generated 
by  a  laser  beam  polarized  in  the  opposite  sense  [12]  obviously 
suggest  an  investigation  of  conservation  of  angular  momentum. 
It  will  be  seen  that  in  each  case  different  terms  in  the  general 
balance  given  by  eq.  (1)  play  an  important  role. 
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Angular  Momentum  in  the  Inverse  Faraday  Effect 

When  a  circularly  polarized  laser  pulse  passes  through  a 
non-absorbing  medium,  the  medium  becomes  magnetized  along 
the  direction  of  light  propagation.  A  diamagnetic  and  a 
paramagnetic  effect,  which  are  the  thermodynamic  inverses 
of  the  corresponding  optical  Faraday  rotations,  may  be  dis¬ 
tinguished  [n].  In  the  steady  state  the  angular  momentum 
of  the  medium  is  constant  and  so  is  the  angular  momentum  in 
the  EM  field  since  no  light  is  absorbed.  The  problem  in  this 
case  lies  in  the  phenomena  during  the  switching  on  and  off 
of  the  light  and  the  magnetization  of  the  medium.  The 
diamagnetic  and  paramagnetic  situation  will  be  shown  to  be 
quite  different  in  this  respect. 


Diamagnetic  Inverse  Faraday  Effect 

A  simple  model  for  this  case  consists  again  of  a  singlet 
ground  state  |  0  >  and  an  excited  orbital  P-state.  This  level 
is  threefold  degenerate  in  cubic  or  isotropic  media.  The 
circular  polarized  light  wave,  propagating  in  the  z-direc- 
tion,  admixes  predominantly  the  |  mz  =  +  1  )  state  to  the 
ground  state  wave  function  (or  the  |  mz  —  —  1  )  for  the 
opposite  sense  of  circular  polarization).  Before  the  interac¬ 
tion  between  the  light  wave  and  the  medium  is  switched 
on,  the  state  may  be  described  by  |  0,  nq  )  where  nQ  is  the 
number  of  circular  polarized  quanta  in  the  light  wave.  The 
steady  state  in  the  presence  of  the  interaction  in  the  nonabsor¬ 
bing  medium  becomes  : 


c-i/2 


0,  nq  )  +  C  1/2 


<  +  1  1  gE.r | 0  > 

w0  —  w+  +  hco 


+  1>  nq  -  1  ) 


+  C-1/2 


<— 1  l*E.r|0) 
w0  —  w_  —  hos 


—  Ij  nd  +  1  ) 


where  is  the  unperturbed  ground  state  energy,  and  w+  and  w_ 
the  energies  of  the  excited  orbital  states.  The  last  term  is 
antiresonant  and  may  usually  be  ignored.  The  constant  C~1/2  is 
an  obvious  normalization  factor. 
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The  expectation  value  of  the  orbital  angular  momentum  in 
the  perturbed  ground  state  does  not  vanish  : 

<  —  1  1  eE .  r  |  0  >  2 

Wq -  W_ - fuxi 

At  the  same  time  the  angular  momentum  in  the  electro¬ 
magnetic  field  has  decreased  by  the  same  amount,  because  the 
state  |  0,  nq  )  has  an  expectation  value  for  the  field  angular 
momentum  <  J  >EM  =  nQh,  but  the  state  |  +  1,  nq  —  1  )  h^s 
an  expectation  value  ( nq  —  1  )fo. 

The  dynamics  of  the  transfer  of  angular  momentum  during 
the  switching  on  of  the  light  beam  may  be  followed  in  more 
detail  in  a  classical  model  of  a  two  dimensional  harmonic 
oscillator.  In  contrast  to  the  quartz  platelet  used  in  the 
preceding  section,  this  oscillator  is  now  isotropic. 


^  1  ) 


<  +  1  |  eE .  r  |  0  > 

2 

w0  —  w+  +  hoi 

"19  C  T7 

x  cog  %  —  —  hi 


m 


y  + 


For  a  steady  state  circular  polarized  field  the  time-averaged 
net  torque  vanishes. 

Tz  =  Re^Ey  x  —  eE xy]  =  0. 

If  the  circular  polarized  field  builds  up  to  an  amplitude  A e^'  ' 
according  to  : 

Ex  =  Re  {  Ag-iWT  +  aT} 

Ey  —  Im  {  Ag_i£0T  +  aT}  for  —  oo  <  t  <  t' 

the  torque  during  the  build-up  is  : 

„  —  2aco2(e2/m)  |  A  |2£  +  2aT 

2  =  (co2  — co2)2  +  a2co2  ' 

The  total  angular  momentum  acquired  by  the  electronic 
orbital  motion  is  to  terms  of  order  a2, 

*T'  co2  e2/m  |  E  |2 

.  i*dT”  (co2  —  CO2)  • 
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It  is  proportional  to  the  intensity  of  the  circular  wave  and 
independent  of  the  details  of  the  build-up,  as  long  as  the  change 
is  adiabatic  a  co  —  (o0.  There  is  no  torque  in  the  steady 
state,  a  =  0.  As  in  the  case  of  diamagnetic  Larmor  precession, 
no  angular  momentum  is  transferred  to  or  from  the  crystal 
lattice  in  the  diamagnetic  inverse  Faraday  effect.  The  balance 
during  switching  is  given  by  AJ0  +  ajem  =  0. 


Paramagnetic  Inverse  Faraday  Effect 


The  situation  is  different,  if  the  ground  state  has  a  spatial 
degeneracy.  The  simple  model  of  a  Kramer’s  doublet  will  be 
adopted  for  the  paramagnetic  ground  state,  |  g,  +  )  and  |  g,  —  ) 
and  one  excited  doublet  will  be  considered  which  has  optical 
matrix  elements  connecting  with  the  ground  state.  A  circular 
polarized  wave  will  admix  some  excited  state  |  g',  -f-  )  to 
the  |  g,  —  )  ground  state.  There  is  no  admixture  to  the 
|  g,  +  )  state.  In  addition  to  this  admixture  which  leads  to  the 
always  present  diamagnetic  Faraday  effect,  the  state  |  g,  —  ) 
will  be  depressed  in  energy  with  respect  to  the  |  g,  +  >  state 
by  an  amount  : 


wa 


Wg+  = 


 I  <  g  +  1  eE.r  |  g  —  > 


von 


w, 


Q' 


The  degeneracy  of  the  Kramers  doublet  is  lifted  in  the 
presence  of  the  circular  polarized  light  wave  and  a  Boltzmann 
distribution  over  the  levels  will  be  established  in  a  characteristic 
magnetic  relaxation  time.  This  leads  to  a  magnetization  pro- 
<  g'  +  |  eE.r  |  g  —  >  12 


portional  to 


It  is  clear  that  the  cor- 


kT  (Wg  -  Wg,  -  HOi) 

responding  change  in  angular  momentum  as  in  all  paramagnetic 
relaxation  phenomena,  is  taken  from  the  lattice,  and  not  from 
the  light  field.  So  for  this  fraction  of  the  inverse  Faraday  effect 
one  has  AJg  +  AJ0  +  AJL  =  0.  The  steady  state  in  this 
case  is  established  within  a  characteristic  magnetic  relaxation 
time  after  the  light  intensity  has  become  constant.  There 
is  no  change  in  angular  momenta  and  no  torque  in  the 
steady  state.  The  paramagnetic  and  diamagnetic  contribution 
to  the  change  in  angular  momentum  during  switching  are 
additive. 
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Generation  of  Circular  Polarized  Harmonic  Light 

When  circularly  polarized  light  propagates  along  a  3-,  4- 
or  6-fold  axis  of  symmetry  of  a  non-absorbing  crystal,  the 
harmonics  created  by  the  optical  nonlinearity  are  expected  to 
be  circular  polarized  as  well.  No  linear  direction  of  polarization 
has  preference  and  the  symmetry  of  the  combined  system, 
crystal  plus  light  field,  around  the  direction  of  propagation 
must  be  preserved. 

It  can  indeed  be  verified  by  explicit  calculation  with  the 
aid  of  well-known  nonlinear  susceptibility  tensors  that  circularly 
polarized  laser  light  propagating  around  a  three-fold  axis  in 
piezo-electric  crystals  creates  second  harmonic  light  which  is 
circularly  polarized  in  the  opposite  sense  [13-15].  This  effect 
may  occur  in  the  cubic  classes  23  and  43m,  for  light  propagating 
in  the  (1,  1,  1)  directions,  and  in  trigonal  classes  3,  32,  3 m  for 
light  propagating  along  the  threefold  axis.  The  hexagonal 
class  6  is  equivalent  to  3  and  6m2  to  3 m  for  the  particular 
geometry  of  this  problem.  The  effect  has  been  observed  experi¬ 
mentally  in  NaC03,  NaBrOa  and  in  quartz  [12]. 

Since  the  crystal  is  non-absorbing  and  the  electronic  states 
are  not  changed,  it  is  anticipated  that  the  change  in  field 
angular  momentum  of  3h,  when  two  circular  fundamental  quanta 
are  combined  to  a  second  harmonic  quantum  with  the  opposite 
sense  of  circular  polarization,  is  compensated  by  a  change  of 
angular  momentum  of  the  lattice.  This  nonlinear  process  exerts 
a  steady  state  torque  on  the  crystal. 

The  process  may  be  analyzed  in  somewhat  more  detail  by 
adopting  again  a  simple  atomic  model.  The  orbital  levels  with 
spatial  quantum  number  m  will  be  split  and  mixed  by  the 
crystalline  field  potential.  The  expansion  of  this  potential  in 
spherical  harmonics  with  the  trigonal  axis  as  polar  axis  contains 
the  harmonics  Y£,  Y^3,  Y^6,  etc.  The  azimuthal  variation 
of  Y±3  is  as  exp  3 i  (0  +  <I>L),  where  0  is  the  azimuth  of  the 
electronic  position  with  respect  to  a  crystallographic  direction 
and  C>L  is  the  angle  between  this  direction  and  a  fixed  reference 
frame.  The  variable  measures  the  rotation  of  the  lattice 
and  its  angular  momentum  around  the  trigonal  axis  is  given 
by  the  expectation  value  of  the  operator  —  ih  d/dOL. 


50 


CONSERVATION  OF  ANGULAR  MOMENTUM 


117 


The  electronic  orbital  ground  state  with  magnetic  quantum 
number  m  is  denoted  by  |  g,  m  >.  The  crystalline  potential  Vcr 
will  admix  the  states  |  g,  m  +  3  ).  A  matrix  element  may  be 
constructed  by  perturbation  theory  which  leaves  the  electronic 
orbitals  unchanged,  but  destroys  two  circular  polarized  laser 
quanta  and  creates  one  at  the  harmonic  frequency  with  the 
opposite  sense  of  polarization.  A  typical  term  in  this  element 
has  the  form  : 

<£,  m|/>.A(+)(co)  \g',  m  +  1  +  1  |/».A(+)(to)  |  g",  m  +  2  > 

<  g",  m  +  2  |  p.  A;_)(2co)  |  g,  m  +  3  >  X  <  g,  m  +  3  |  V£ig  |  g,  m  > 

{  H  —  «V  +  M  K  —  wo"  +  2^W)  +  3  —  Worn)  }_1- 

The  symbols  g'  and  g"  denote  excited  electronic  orbitals. 
They  do  not  have  a  well  defined  parity,  because  the  crystal 
lacks  inversion  symmetry.  The  perturbation  by  the  odd  terms 
in  the  crystal  potential  and  strong  fields  of  symmetry  higher  than 
trigonal  has  already  been  taken  into  account  in  the  definition 
of  |  g  ),  |  g'  )  and  |  g"  ).  There  are  many  other  terms  obtained 
by  permutation  of  the  perturbations  by  laser  field,  second 
harmonic  field  and  trigonal  potential.  The  first  three  factors 
each  change  the  angular  momentum  of  the  electromagnetic  field 
by  one  unit  h.  The  factor  with  V^ig  shows  through  the  explicit 
introduction  of  the  lattice  azimuth  0L,  that  the  wave  function 
of  the  crystal  as  a  whole  in  the  final  state  is  different  from  the 
initial  state  by  a  factor  exp  (3f<DL).  Consequently  the  angular 
momentum  of  the  lattice  is  changed  by  3 h.  There  is  no  net 
change  in  the  orbital  angular  momentum.  There  is  a  steady 
state  torque  on  the  lattice,  as  the  conversion  from  laser  light  to 
the  harmonic  wave  with  an  oppositely  rotating  polarization 
proceeds. 

When  the  light  propagates  along  an  arbitrary  direction  in 
the  crystal  lattice,  the  crystal  field  potential  transformed  to  this 
direction  as  polar  axis  usually  contains  all  possible  m-values,  Y^m. 
There  are  no  particular  symmetry  requirements,  and  the  harmo¬ 
nic  polarization  will,  in  general,  be  elliptical.  The  balance  of 
angular  momentum  may  still  be  determined  by  decomposing 
the  laser  and  harmonic  light  fields  in  left  and  right  circular 
components.  The  lattice  will  take  up  the  necessary  amount 
of  angular  momentum  in  each  case. 
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In  a  similar  manner  circular  polarized  light  propagating 
along  a  fourfold  rotation  axis  will  produce  third  harmonic  light 
which  is  polarized  in  the  opposite  sense.  This  may  again  be 
verified  by  explicit  calculation  with  the  nonlinear  susceptibility 
tensor  [16]  for  each  specific  crystal  class.  In  an  isotropic  fluid 
circular  polarized  light  cannot  produce  any  third  harmonic 
intensity.  The  average  crystal  field  is  a  scalar  in  this  case  and  the 
required  angular  momentum  transfer  cannot  take  place.  Linear 
polarized  light  can,  of  course,  produce  third  harmonic  coherent 
scattering. 

There  are  many  other  nonlinear  optical  processes  involving 
circular  polarized  light  beams  at  one  or  more  frequencies.  The 
case  of  the  generation  sum  and  difference  frequencies  with  two 
circular  polarized  light  beams  presents  an  obvious  generalization 
of  the  case  just  considered.  When  the  light  beams  propagate 
along  a  3-fold  axis,  they  must  have  the  same  sense  of  polarization 
to  generate  the  sum  frequency,  but  the  opposite  sense  to  generate 
the  difference  frequency.  Another  example  is  provided  by 
stimulated  Raman  processes  excited  by  a  circular  polarized  laser 
beam  [17].  It  is  also  possible  to  incorporate  circular  polarized 
phonons,  or  spin  waves.  The  conservation  of  angular  momen¬ 
tum  in  each  case  may  be  analyzed  along  the  same  general 
lines.  It  is  usually  simplest  to  calculate  the  change  in  spin  and 
orbital  angular  momentum  of  the  atoms  or  molecules,  if  absorp¬ 
tion  takes  place.  The  change  in  angular  momentum  of  the 
light  waves  is  also  readily  determined.  The  balance  is  taken 
up  by  the  lattice  motion.  This  quantity  is  usually  more  difficult 
to  calculate  explicitly,  as  often  hidden  contributions  from  relaxa¬ 
tion  processes  or  crystal  potentials  play  a  role. 

This  note  has  explicitly  checked  the  balance  of  angular 
momentum  for  some  selected  optical  processes  in  crystals. 
It  is  dedicated  to  Alfred  Kastler,  who  has  occupied  himself  so 
much  with  the  question  of  angular  momentum  in  optics. 
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8.  Doppler-Free  Two-Photon  Absorption 
Spectroscopy 

N.  Bloembergen  and  M.  D.  Levenson 

With  15  Figures 


8.1  Historical  Introduction 

With  the  formulation  of  quantum  mechanics  by  Dirac  [8.1]  and  others 
in  the  late  twenties,  it  became  clear  that  the  interactions  of  electromagnetic 
radiation  and  matter  also  comprise  processes  in  which  several  photons 
are  involved.  An  early  example  is  provided  by  Raman  scattering.  In  this 
process  one  photon  is  absorbed,  another  is  emitted  and  the  difference  in 
photon  energy  is  taken  up  by  a  transition  in  the  material  system  from  an 
initial  state  |i>  to  a  final  state  | /).  The  symbolic  Hamiltonian  describing 
this  event  is  proportional  to  where  ax  represents  an  annihilation 

operator  for  photons  in  mode  1,  a\  represents  the  creation  operator  of  a 
photon  in  mode  2,  while  c,  takes  an  electron  out  of  state  |i),  and  c\  puts 
one  electron  in  state  | /).  The  closely  related  two-photon  absorption 
process  is  described  by  a  term  in  the  Hamiltonian  proportional  to 
a{a2ciCf.  The  theory  for  this  latter  process  was  developed  by  Goeppert- 
Mayer  in  her  PhD  thesis  at  the  University  of  Gottingen  [8.2],  The 
energy  balance  for  the  two  processes  is  shown  at  the  top  of  Fig.  8.1. 
While  the  Raman  effect  was  discovered  in  1927,  the  two-photon  absorp¬ 
tion  process  was  first  demonstrated  [8.3]  in  1961,  about  thirty  years  after 
the  theoretical  paper  of  Goeppert-Mayer.  This  difference  in  the  ex¬ 
perimental  development  can  be  explained  by  the  fact  that  the  Raman 
scattering  involves  the  spontaneous  emission  of  a  Stokes-shifted  photon. 
The  spontaneously  scattered  light  intensity  at  co2  is  proportional  to  the 
intensity  of  the  incident  field  at  The  power  absorbed  in  the  two- 
photon  absorption  is,  however,  proportional  to  the  square  of  the  incident 
intensity.  The  demonstration  of  two-photon  absorption  requires  a  high 
light  intensity,  and  had  to  await  the  advent  of  lasers.  Furthermore,  the 
frequency  of  the  laser  must  be  adjustable  if  the  two-photon  transition 
occurs  between  sharp  energy  levels  and  no  accidental  coincidences 
between  laser  frequency  and  energy  separations  exist.  It  is  therefore  under¬ 
standable  that  two-photon  spectroscopy  could  really  develop  fully  only 
after  high  power  tunable  dye  lasers  became  available  [8.4]. 

Spontaneous  Raman  scattering  required  neither  extremely  high 
intensity  nor  tuning  of  the  incident  light.  It  is  not  a  nonlinear  process  in 
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the  sense  of  the  semiclassical  description.  The  stimulated  Raman  effect, 
however,  is  a  nonlinear  process  in  this  sense  and  may  be  described  in 
terms  of  a  polarization,  which  is  a  nonlinear  (cubic)  function  of  the  applied 
field  magnitudes.  Its  demonstration  was  made  possible  only  after  high 
intensity  lasers  became  available. 

The  current  interest  in  two-photon  absorption  spectroscopy  is  based 
on  the  following  characteristics: 

1)  The  initial  and  final  states  have  the  same  parity. 

2)  The  final  state  may  have  an  excitation  energy  in  the  far  UV,  while 
the  incident  light  beam  has  a  frequency  in  the  near  UV  or  blue  part  of 
spectrum. 

3)  It  is  possible  to  eliminate  momentum  transfer  between  the  electro¬ 
magnetic  field  and  the  atom  or  molecule,  and  consequently  to  eliminate 
Doppler  broadening. 

The  first  two  characteristics  make  it  possible  to  reach  different  states 
that  cannot  be  reached  from  the  same  initial  state  in  a  one-photon 
process.  The  last  characteristic  assures  that  the  highly  excited  states  can 
be  investigated  with  high  spectroscopic  resolution. 

The  momentum  transfer  relations  are  indicated  in  the  bottom  part 
of  Fig.  8.1.  In  general,  the  Doppler  broadening  in  angular  frequency  is 
Aco  =  Akv,  where  hAk  is  the  change  in  momentum  of  the  electromagnetic 
field  and  v  is  the  atomic  velocity. 

The  fact  that  the  Doppler  broadening  is  less  for  forward  Raman 
scattering  than  for  backward  scattering  has  been  firmly  established  for 
hydrogen  gas.  The  absence  of  Doppler  broadening,  if  two  photons  of 
equal  energy  and  opposite  momentum  are  absorbed,  was  first  analyzed  by 
Chebotayev  and  coworkers  [8.5]  in  1 970,  and  experimentally  demonstrat¬ 
ed  by  Cagnac  et  al.  [8.6]  and  by  Levenson  and  Bloembergen  [8.7] 
in  1974.  Numerous  results  have  subsequently  been  published  and 
Doppler*free  two-photon  spectroscopy  promises  to  be  an  important  new 
spectroscopic  tool.  It  is  different  from  other  nonlinear  techniques  that 
eliminate  Doppler  broadening  such  as  saturation  “Lamb-dip”  spectros¬ 
copy,  discussed  elsewhere  in  this  volume.  In  that  method  a  small  segment 
of  the  inhomogeneous  Doppler  distribution  of  resonant  frequencies  is 
selected  to  contribute  to  the  signal.  In  two-photon  absorption  without 
momentum  transfer  all  atoms  or  molecules  contribute  to  the  signal.  A 
simple  way  to  see  this  is  to  consider  the  case  of  an  atom  at  rest  with  the 
frequency  v  of  the  light  wave  adjusted  so  that  2 hv  corresponds  exactly 
to  the  energy  difference  between  two  sharp  energy  levels  with  the  same 
parity.  Now  consider  an  atom  moving  with  a  velocity  component  v 
parallel  to  one  of  the  light  beams.  The  apparent  frequency  of  this  beam 
is  down-shifted  by  an  amount  —(v/c)v.  The  apparent  frequency  of  the 
light  beam,  propagating  in  the  opposite  direction,  is  up-shifted  by  the 
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Fig.  8.1.  Comparison  of  the  energy  and  momentum  relations  for  Raman  and  two-photon 
absorption  processes 

same  amount,  +  (u/c)v.  Thus,  the  two  linear  Doppler  shifts  cancel  each 
other  exactly,  and  for  any  atom  the  resonant  condition  is  fulfilled,  if 
quadratic  Doppler  shifts  are  ignored. 

Similar  considerations  apply  to  higher-order  processes  [8.8],  In 
Fig.  8.2  the  energy  and  momentum  configuration  are  sketched  for 
Doppler-free  three-photon  absorption,  and  a  hyper-Raman  process  in 
which  two  photons  are  absorbed  and  another  one  is  emitted.  In  this 
manner  states  of  the  opposite  parity  could  also  be  investigated  in  high 
resolution. 

It  is,  of  course,  also  possible  to  eliminate  the  Doppler  shift  for  both 
one-photon  and  two-photon  spectroscopy  [8.9]  by  utilizing  well- 
collimated  atomic  and  molecular  beams  moving  at  right  angles  to  the 
light  beam.  Very  small  difference  frequencies  can,  of  course,  be  detected 
by  the  method  of  coherent  quantum  beats.  This  method  does  not  require 
a  very  monochromatic  source.  Combination  of  optical  pumping  and 
radiofrequency  spectroscopy  is  another  very  powerful  method. 
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Fig.  8.2.  Energy  and  mo¬ 
mentum  relations  for  two 
three-photon  processes  with 
zero  momentum  transfer 


In  the  present  chapter  a  review  will  be  given  of  two-photon  absorption 
spectroscopy  in  vapors.  The  theoretical  description  is  presented  in 
Section  8.2.  The  experimental  method  will  be  described  in  Section  8.3, 
and  new  spectroscopic  results  obtained  with  this  technique  will  be 
reviewed  in  Section  8.4.  A  summary  of  the  advantages  and  disadvantages 
of  the  technique  as  well  as  an  outlook  for  its  future  significance  concludes 
the  chapter. 


8.2  Theory  of  Two-Photon  Absorption 

The  evolution  of  a  material  system  under  the  influence  of  interaction 
with  electromagnetic  fields  is  described  by  the  Liouville  equation  for 
the  total  density  matrix, 

Q=-ih~l[Jf,Q]  (8.1) 

where  the  Hamiltonian  consists  of  four  parts 

-=^0+  Afield  +  ^nt  +  ^damping  •  (8-2) 
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Here  0  is  the  Hamiltonian  of  the  atom  or  molecule,  leading  to  a  set  of 
energy  eigenstates  |n>  with  energy  Wn.  The  effect  of  dc  applied  magnetic 
or  electric  fields  may  be  incorporated  in  The  field  Hamiltonian 
consists  of  a  number  of  harmonic  oscillators,  one  for  each  eigenmode 
of  the  electromagnetic  field.  The  interaction  Hamiltonian  for  a  one- 
electron  system  may  be  written  as 

^in.=  -  ~(p-A+A-p)+  -^—,A-A  (8.3a) 

2c  2nic~ 

where  A  is  the  vector  potential  of  the  electromagnetic  field  and  e(<0) 
is  the  electronic  charge.  An  equivalent  representation  is  the  multipole 
expansion 

J fint=  -er  E-^eQ.VE-m  H+  ...  .  (8.3b) 

The  first  term  is  the  electric  dipole  moment  interaction,  the  second  term 
the  electric  quadrupole  interaction,  with  the  quadrupole  tensor  defined  by 

Qij  =  rir j~  lr2^ij  •  (8-3c) 

The  third  term  represents  the  magnetic  dipole  interaction,  etc.  In  many 
important  applications  in  optics  only  the  electric  dipole  moment  term 
needs  to  be  retained. 

The  damping  Hamiltonian  takes  account  of  the  fact  that  the  material 
system  may  interact  weakly  with  a  large  number  of  degrees  of  freedom. 
The  spontaneous  emission  into  the  quasi-continuum  of  eigenmodes  of  the 
electromagnetic  field  and  the  influence  of  collisions  with  other  atoms  or 
molecules  in  a  gas,  or  phonons  in  a  crystal,  may  be  taken  into  account 
statistically  by  simple  phenomenological  damping  terms. 

The  expectation  value  of  the  electric  polarization  is  given  by 


P  —  N  Tr(erg)  (8.4) 

where  N  is  the  number  of  one-electron  systems  per  unit  volume.  The  set 
of  equations  must  be  made  self-consistent,  by  requiring  that  P  and  E 
satisfy  Maxwell’s  wave  equation. 


VxV  x  E  + 


1  PE 

c2  dt2 


1  tfP 

c2  dt2 


(8.5) 


The  set  of  Eqs.  (8.1-5)  is,  of  course,  too  general  to  provide  much 
physical  insight.  It  describes  all  optical  phenomena,  including  lasers  and 
all  kinds  of  nonlinear  interactions.  To  proceed  further,  the  situation  is 
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usually  restricted  to  a  very  small  number  of  modes  of  the  electromagnetic 
field  (except  for  the  damping  by  spontaneous  emission)  and  a  very  small 
number  (often  two  or  three)  of  energy  levels  of  the  material  system. 
These  are  selected  on  the  basis  that  they  make  a  dominant  contribution, 
because  they  are  at  or  near  resonance  with  the  selected  electromagnetic 
modes. 

For  the  purpose  of  two-photon  absorption,  attention  may  be  restricted 
to  two  modes  of  the  electromagnetic  field,  and  these  fields  will  be  described 
classically.  The  electric  field  is  given  by 

E  =  j(elElQikl'r~io)'t +  e2E2eikrr~ib}2t)  +  c.c.  (8.6) 

where  c.c.  means  complex  conjugate.  This  expression  contains  the  polari¬ 
zation  directions,  amplitudes,  wave  vectors  and  frequencies  of  the  two 
waves.  Some,  or  all,  of  the  quantities  may  be  taken  equal  to  each  other. 
If  they  are  all  equal,  one  has  the  degenerate  problem  of  two-photon 
absorption  from  a  single  wave. 

In  the  semiclassical  description,  where  the  field  quantities  are 
considered  classically,  the  density  matrix  reduces  to  one  for  the  material 
system  alone.  Stationary  solutions  for  the  polarization  given  by  (8.4) 
can  be  obtained  in  terms  of  ascending  powers  of  the  field  amplitudes 
Ex  and  E2  by  iterative  perturbation  procedures  [8.10].  This  procedure 
has  the  advantage  that  all  energy  levels  of  the  material  system  can  be 
kept  in  the  calculation,  and  it  permits  establishment  of  the  connection  be¬ 
tween  two-photon  absorption  and  other  nonlinear  optical  processes. 
This  approach  will  be  followed  in  the  next  subsections.  The  final  Subsec¬ 
tion  8.2.6,  will  briefly  describe  some  characteristics  of  solutions  restricted 
to  three-level  systems  but  with  no  restriction  as  to  the  field  amplitudes. 

8.2.1  Nonlinear  Susceptibilities 

In  systems  with  inversion  symmetry,  such  as  atomic  or  molecular  vapors, 
on  which  the  interest  is  centered  in  this  chapter,  the  electric  polarization 
can  contain  only  odd  powers  of  the  electric  field  amplitudes.  The  lowest 
non-vanishing  nonlinear  polarization  is  a  term  cubic  in  the  applied  field 
amplitudes.  For  the  sake  of  generality,  the  excitation  of  a  third  electro¬ 
magnetic  mode  with  amplitude  £3,  and  frequency  co3  is  temporarily 
admitted.  A  polarization  at  the  sum  frequency  co4_  =  col  +  co2  +  co3  will  be 
created  if  the  system  is  initially  in  the  ground  state  \g ).  Retaining  only  the 
electric  dipole  term  in  the  interaction  Hamiltonian,  steady  state  perturba¬ 
tion  theory  yields  the  result  ([8.10]), 

e4  ■  P(co4)  =  i/3)£ !  E2E3ei(ki  +  k2  +  +  c.c.  (8.7) 
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with 


X 


^0 1  irng/2.)(cOn'g  OJj  OJ2  ^n' g/^)(tOn"g  tO 4  iVn"gj'l !) 


+  permutations  of  indices  1  through  4  . 


(8.8) 


From  the  structure  of  ^<3),  which  is  defined  as  a  scalar  quantity  in  (8.8) 
it  is  evident  that  one  can  define  a  fourth-rank  tensor  susceptibility, 
whose  components  are  given  by  choosing  the  unit  vectors  el  through 
e4  along  the  three  axes  of  a  Cartesian  coordinate  system, 


The  damping  constant  rng  represents  the  full  width  at  half  maximum  of 
the  transition  |g>->|n>.  If  this  is  the  natural  width,  it  is  determined  by  the 
lifetime  against  spontaneous  emission  of  the  state  | n}.  The  23  other 
permutations  of  the  indices  1  through  4  arise  from  assuming  different 
sequences  in  which  the  photon  absorptions  at  col,  co2,  and  co3  and 
photon  emission  at  co4  take  place.  This  polarization,  when  substituted 
in  Maxwell’s  equation,  will  obviously  create  a  wave  at  the  sum  frequency 
oj4.  The  intensity  in  this  wave  will  be  proportional  to  |/<3)|2.  The  per¬ 
turbation  expression  is  valid  when 


h\cOgn-co-irgn/2\$>\e(r-e)E\ . 


(8.9) 


It  is  always  valid  off  resonance,  and  even  at  resonance,  provided  that  the 
damping  in  energy  units  is  larger  than  the  magnitude  of  the  interaction 
Hamiltonian.  Each  of  the  terms  in  (8.8)  contains  the  product  of  three 
denominators.  Resonances  may  occur  when  either  one  of  the  applied 
frequencies  or  some  linear  combinations  of  these,  such  as  co1+co2, 
corresponds  to  the  difference  in  energy  between  a  pair  of  levels  of  the 
material  system,  hcong—  Wn—Wg. 

It  is  clear  from  (8.6)  that  the  real  physical  fields  contain  both  positive 
and  negative  frequency  components.  The  frequencies  oq,  co2,  and  co3 
may  be  chosen  positive  or  negative,  or  equal  to  each  other.  Depending  on 
these  choices  and  depending  on  whether  some  resonant  conditions  are 
met  or  not,  different  physical  nonlinear  processes  are  described.  For 
two-photon  absorption  one  takes  co2—  —  oo3  and  consequently  co4  =  aq. 
Furthermore,  the  resonant  condition  con  g  =  (o1+OL)2  is  satisfied,  i.e.,  the 
excited  state  |n')  =  |/)  can  be  reached  by  absorption  of  two  photons 
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from  the  ground  state  | g}.  There  are  only  two  such  resonant  terms,  depend¬ 
ing  on  the  order  of  col  and  co2.  The  summation  over  ri  is  reduced  to  a  single 
final  state  | />.  The  double  summation  over  n  and  n"  may  be  written 
as  the  square  of  a  single  summation.  Note  that  cong  —  co1  —  irng^cong  —  col  = 
cong  —  co4.  For  two-photon  absorption  x(3)  =  ix"(3)  becomes  a  pure 
imaginary  quantity 


-co2) 


£  (rrei)gn(r-e2)nf  +  ^  C r-e2)g„(r-e1)nf  2 


COng-CO  j 


^ ng  ^ 2 


(8.10) 


The  nonlinear  polarization  at  frequency  aq  is  90°  out  of  phase  with  the 
field  at  coy  and  proportional  to  the  intensity  at  co2 


Pio^ix'^E  i|i?2|2 


The  power  absorbed  from  the  beam  at  co t  is  proportional  to  |£1|2|£2|2  and 
to  imaginary  part  of  y(3).  The  same  is  true  for  the  power  absorbed  from  the 
beam  at  co2.  The  total  power  absorbed  by  a  unit  volume  of  the  material 
system  in  these  two-photon  transitions  is  (l/2)(cox +co2)y"(3,|£1|2|£2|2. 
Dividing  this  expression  by  the  energy  h(a>  x+(d2)  involved  in  each 
transition,  and  by  the  number  of  atoms  per  unit  volume,  one  finds  the 
transition  rate  for  two-photon  absorbtion  per  atom  at  resonance, 


*f~g  =  eA*-%-fx 


('•«1  )gn(r-e2)nf  {r-ejjr-e^f 


^ ng  ^  1 


+  1. 


xt|E1|2|£2|2.  (8.11) 

This  expression  had  already  been  obtained  by  Mayer  from  Fermi’s 
golden  rule  [8.2],  The  quantity  between  the  vertical  bars  is  proportional 
to  the  second-order  matrix  element  connecting  the  ground  state  and  final 
state.  The  density  of  final  states  at  resonance  is  equal  to  4 rgfl.  It  is  well 
to  remember  at  this  point  that  | and  \E2\  represent  the  real  physical 
field  amplitudes,  which  are  twice  the  Fourier  amplitudes  of  the  positive 
frequency  components  as  shown  in  (8.6). 

Other  nonlinear  processes  describable  by  the  general  expression  for  the 
third-order  nonlinear  susceptibility  given  by  (8.8)  include  third  harmonic 
generation,  obtained  by  taking  co1=co2  =  a>3  and  oj4.  =  3co1,  and  genera¬ 
tion  of  the  combination  frequency  cd4  —  2co1  +co2,  by  taking  co  j  =  co3  =k  a>2 . 
The  intensity  generated  in  these  parametric  processes  is  proportional  to 
the  square  absolute  value  |y<3)|2.  Both  these  nonlinear  processes  were 
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Fig.  8.3a-f.  Nonlinear  processes  in  the  Na-atom.  (a)  Two-pjioton  absorption,  (b)  Two- 
photon  absorption  with  resonance  of  intermediate  level,  (c)  Third  harmonic  generation, 
(d)  Sum-frequency  three-wave  mixing,  (e)  Hyper-Raman  three-photon  process,  (0  Parametric 
mixing  with  generation  of  the  combination  frequency  2a)l  —  a>2 


demonstrated  in  Na  vapor  by  Harris  and  coworkers  [8.11],  by  Sorokin 
et  al.  [8.12]  and  Bonch-Bruevich  et  al.  [8.13]  well  before  the  Doppler- 
free  two-photon  absorption  was  demonstrated  in  the  same  material. 
The  general  expressions  (8.7)  and  (8.8)  are  also  useful  to  analyze  more 
precisely  what  happens  to  the  two-photon  transition  rate,  when  u>l 
approaches  a  single-photon  resonant  frequency  cong.  In  this  case  the 
two-photon  process  becomes  mixed  with  the  cascade  of  two  one-photon 
absorption  processes.  The  distinction  between  these  resides  in  the  role 
played  by  the  diagonal  density  matrix  element  Qnn  in  the  calculation  of 
y(3).  There  are  rather  subtle  differences  in  damping  characteristics,  which 
are  exhibited  by  the  more  detailed  solutions  in  Subsection  8.2.6,  if  there  is 
a  real  population  in  the  intermediate  state  gnn.  Analogous  discussions 
have  been  given  by  Shen  [8.14]  for  the  distinction  between  a  Raman 
process,  and  resonant  fluorescence  following  a  one-photon  absorption. 
The  different  nonlinear  processes  mentioned  here  are  schematically 
represented  in  Fig.  8.3  with  some  energy  levels  of  the  Na  atom  sketched 
in.  The  cases  a-d  correspond  to  experiments  that  have  actually  been 
carried  out  in  Na  vapor. 

8.2.2  Doppler  Width 

The  results  in  the  preceding  section  were  derived  for  an  atom  at  rest. 
Now  consider  the  case  that  the  light  beams  at  and  a>2  move  in  the 
opposite  direction,  kl=klx  and  k2=—k2x.  The  apparent  light  fre- 
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quencies  seen  by  an  atom  moving  with  a  velocity  component  vx  along  the 
direction  of  the  first  light  beam  are  coj  —  kxvx  and  co2  +  k2i'x,  respectively. 
The  transition  rate  in  the  neighborhood  for  two-photon  resonance  may 
now  be  written  by  the  following  replacement  of  (8.11), 


1 


w/-9=  4e  h 
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The  Doppler  corrections  in  the  off-resonant  denominator  of  the  second- 
order  matrix  element  are  usually  negligible.  The  Doppler  profile  of  the 
two-photon  absorption  line  is  obtained  by  integrating  the  Lorentzian 
distribution  over  the  Gaussian  distribution  of  the  thermal  velocity 
component  vx.  The  magnitude  of  the  Doppler  broadening  is  clearly 
{k1—k2)vih.  If  the  two  frequencies  col  and  co2  are  sufficiently  close 
together,  this  Doppler  broadening  is  negligible  compared  to  the  homo¬ 
geneous  width  rfg/2. 

The  special  case  kl=k2  requires  separate  attention.  The  Doppler 
broadening  vanishes  exactly  if  one  photon  is  absorbed  from  each  of  the 
beams.  In  this  degenerate  case  the  possibility  exists,  however,  to  absorb 
two  photons  out  of  the  first  beam,  or  two  photons  out  of  the  second  beam 
alone.  The  total  transition  rate  is  with  cox  —  co2,  kx  =  —k2, 
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(8.13) 

The  line  profile  now  consists,  in  general,  of  a  Doppler-broadened  profile 
from  the  last  two  terms  in  (8.13),  on  which  the  Doppler-free  spectral  line 
from  the  first  term  is  superimposed.  The  equivalent  of  (8.13)  may  be 
found  in  a  paper  by  Cagnac  et  al.  [8.8];  it  was  first  given  by  Chebotayev 
et  al.  [8.5]  for  the  special  case  of  equal  amplitudes  and  polarization 
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vectors,  E{=E2,  el=e2.  The  conditions  for  the  validity  of  (8.12)  and 
(8.13)  are 

1)  The  states  | g}  and  | /)  are  non-degenerate.  It  is  often  straight¬ 
forward  to  extend  the  discussion  to  degenerate  cases  with  the  aid  of 
selection  rules. 

2)  The  intermediate  states  |n>  are  all  off-resonance,  |cong  —  coJH/cjpJ 
and  lo^-cojl^r. 

3)  The  perturbation  condition  given  by  (8.9)  is  satisfied.  The  theory 
can  be  extended  to  cases  where  conditions  2  and  3  are  not  obeyed,  as  will 
be  discussed  in  Subsection  8.2.6. 

4)  Processes  in  which  a  photon  is  scattered  from  the  light  beam  with 
wave  vector  kl  to  the  light  beam  with  wave  vector  k2  can  be  ignored.  If 
the  two  frequencies  are  equal  or  nearly  equal,  this  is  not  correct  for  a 
very  small  fraction  of  the  molecules  with  velocity  component  (kx  4-  k2)vx= 
<d1—oj2.  If  the  frequencies  are  sufficiently  different  \ajl—aj2\>\2kvx\,  it  is 
assumed  that  no  Raman  level  exists,  ^(aij  —  co2)  above  the  ground  level. 

5)  Quadratic  Doppler  shifts  are  ignored.  They  have  the  magnitude 
of  —(1/2 )(v2/c2)ojfg,  where  v  is  the  atomic  thermal  speed.  They  give  rise 
to  a  displacement  of  the  center  of  gravity  and  an  asymmetric  line  profile, 
which  has  been  discussed  in  detail  by  Chebotayev  and  Baklanov  [8.15] 
for  the  1S-»2S  two-photon  transition  in  atomic  hydrogen.  This  is  one  of 
the  few  cases  where  the  second-order  Doppler  correction  which  has  an 
order  of  magnitude  of  one  part  in  101 1  may  become  important  in  optics. 

It  is  useful  to  present  the  result  for  Doppler-free  two-photon  absorb- 
tion,  represented  by  the  first  term  in  (8.13)  with  co1+co2  in  terms  of  an 
absorption  cross  section.  The  transition  rate  is  divided  by  the  number  of 
photons  per  cm2  per  s  traveling  in  the  direction  of  kt,  cn\Ex\2  /^nhco^. 
The  two-photon  absorption  cross  section  will  be  proportional  to  the 
power  flux  density  in  the  opposite  beam  P/ A  =  cn\E2\2  /%n,  and  may  be 
expressed  as 

</|z|n)<n|z|g)  2  P 
2-‘"  h(aj  jg  —  2oj)  A 


16 
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where  all  quantities  are  in  cgs  units.  The  index  of  refraction  has  been 
taken  as  unity  in  the  vapor,  n=l.  If  the  matrix  elements  </|z|n>  and 
<n|z|g>  are  expressed  in  units  of  the  Bohr  radius  a0  —  h2 /An2me2,  and  the 
energy  denominators  hcong  are  expressed  in  Rydbergs  R0  =  2n2me4'/h 3, 
and  (P/A)  is  expressed  in  watts/cm2,  the  practical  result  is  obtained 
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8.2.3  Selection  Rules  for  Two-Photon  Transitions 

In  the  electric  dipole  approximation  the  interaction  Hamiltonian  be¬ 
tween  field  and  matter  acts  only  on  the  electron  orbital.  If  one  chooses  the 
polarization  directions  in  the  usual  manner  according  to  o~ ,  <r  +  ,  and  n, 
the  components  of  the  dipole  interaction  transform  as  the  irreducible 
tensor  components  T{q)  with  q=  —  1  for  a~ ,  q=  +  1  for  a+,  and  q  =  0  for 
7r-polarization.  Each  time  this  operator  of  odd  parity  is  applied,  the 
orbital  angular  momentum  must  change  by  ±1.  By  applying  this 
operator  twice,  one  sees  immediately  that  the  orbital  angular  momentum 
in  a  two-photon  process  must  change  by 

AL  —  0  or  ±2.  (8.14) 

Furthermore, 

AmL  =  ql+q2.  (8.15) 

In  the  case  of  extreme  Paschen-Back  decoupling  by  a  very  high  external 
magnetic  field,  the  magnetic  quantum  numbers  of  electron  and  nuclear 
spin  are  not  changed, 

Ams=  AmI  =  0  (8.16) 

because  the  Hamiltonian  does  not  act  on  these  spin  variables. 

The  simple  selection  rules,  (8.14-16),  adapted  for  the  high-field  case 
serve  as  a  useful  starting  point  to  discuss  the  situation  that  spin-orbit 
coupling  2LS  and  hyperfine  interactions,  such  as  AI  S,  cannot  be 
ignored  and  are  larger  than  the  Zeeman  splitting  in  an  external  field. 

As  long  as  the  energy  denominator  may  be  taken  the  same  for  all 
terms  in  the  multiplet  of  the  intermediate  state  | n>,  i.e.,  for  h(ajng  —  2 

and  A,  the  summation  over  all  substates  of  the  intermediate  multiplet 
with  equal  weight  leads  to  a  scalar  operation  which  cannot  change  the 
character  of  the  selection  rules.  In  such  a  case,  these  depend  only  on  the 
properties  of  the  initial  and  final  states.  The  selection  rules  given  explicitly 
in  the  | L,  S,  /,  mL,  nij )  representation  may  be  readily  transformed  by  the 
rules  of  the  addition  of  angular  momenta  to  other  representations,  in 
which,  for  example,  the  total  angular  momentum  F  with  F  =  L  +  S  +  I 
and  mF  =  mL  +  ms-\:mI  are  good  quantum  numbers.  Use  of  the  Wigner- 
Eckart  theorem  yields  immediately 

\AF\^2  and  AmF  =  ql+q2. 

Other  more  specialized  conditions  may  be  derived  from  the  known 
properties  of  Clebsch-Gordan  coefficients.  A  systematic  discussion  in 
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terms  of  group-theoretical  arguments  may  be  found  in  several  papers 
[8.8,  16, 17]. 

An  important  special  case  is  the  two-photon  transition  between  two 
atomic  S-states.  Since  the  orbital  angular  momentum  vanishes  in  both  the 
initial  and  final  states  we  must  have  AmL  =  0.  If  both  light  beams  have  a 
circular  polarization  in  the  same  sense,  |<?i  +  <?2|  =  2,  no  transitions  can 
be  induced  between  the  two  S-states,  since  (8.15)  cannot  be  satisfied. 
This  forms  the  basis  for  eliminating  the  Doppler  broadening  background 
for  two  light  waves  with  the  same  frequency  traveling  in  opposite  direc¬ 
tions.  One  is  given  a  <r+,  and  the  other  a  o~  sense  of  polarization  with 
respect  to  a  fixed  positive  x-axis.  Only  the  process,  represented  by  the 
first  term  in  (8.13),  where  one  photon  is  absorbed  from  each  of  the 
beams  can  occur.  Furthermore,  spin-orbit  coupling  in  the  initial  and  in 
the  final  states  is  absent.  Since  the  spin  configuration  cannot  change — 
provided  all  states  in  the  intermediate  p-state  multiplet  occur  with  equal 
weight — we  have  the  zero-field  selection  rule  AF  =  0,  AmF  —  0.  The  high- 
field  selection  rule  is  given  by  (8.16).  There  is  an  intermediate  situation 
in  which  the  smaller  hyperfine  coupling  in  the  upper  S-state  is  in  the 
Paschen-Back  regime,  while  the  electron  and  nuclear  spin  in  the  lower 
S-state  are  not  yet  decoupled.  One  must  then  carry  out  the  projections 
of  the  spin  states  of  the  lower  level  onto  those  of  the  higher  level.  At  any 
magnetic  field  strength,  the  spectral  pattern  is  independent  of  the  direction 
of  the  applied  field  with  respect  to  the  polarization  (and  propagation) 
directions  of  the  light  beams.  This  is  a  direct  consequence  of  the  orbital 
isotropy  in  both  initial  and  final  states  [8.18], 

Another  situation  of  interest  is  the  transition  from  3s2Sl/2  ground 
state  to  4d2D5/2 >3/2  multiplet  while  near-resonance  conditions  with  an 
intermediate  3p2P3/2>1/2  doublet  exist  [8.19].  No  dipole  matrix  element 
exists  between  2D5/2  and  the  2P1/2  states.  Thus,  the  transition  from  the 
ground  5-state  to  the  D5/2-state  shows  only  one  resonance  as  col  is 
varied  while  h(co1  +co2 )  is  kept  fixed  at  the  separation  between  the  S-  and 
Z)5/2-states.  The  two-photon  transition  to  the  D3/2-state  will  show 
resonant  behavior  when  hco t  corresponds  to  either  resonant  line  in  the 
3p2^3/2,  j^2 — *3 s2S^/2  doublet.  It  should  also  be  noted  that  a  destructive 
interference  occurs  between  the  two  resonant  contributions  when  ftcoj 
falls  in  between  the  two  doublet  lines.  This  is  apparent  from  (8.12).  The 
summation  over  n  may  be  restricted  to  the  near-resonant  pair  of  P-states. 
One  of  the  denominators  in  the  second-order  matrix  element  will  be 
positive  (Dx<CDspil2\  the  other  will  be  negative  co2>cosp3/2.  Numerical 
ratios  of  the  matrix  elements  may  be  evaluated  and  the  appropriate 
projection  on  nuclear  spin  states  may  be  taken  for  a  complete  numerical 
evaluation.  At  resonance  of  the  intermediate  state,  the  two-photon 
transition  rate  is  comparable  to  the  rate  of  two  consecutive  one-photon 
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transitions.  The  transition  rate  may  increase  by  six  to  eight  orders  of 
magnitude  [8.19].  If  only  one  intermediate  level  is  of  importance,  the 
selection  rules  depend,  of  course,  on  the  nature  of  this  near-resonant 
intermediate  level.  They  may  be  derived  from  the  selection  rules  for  two 
successive  one-photon  processes. 

It  may  happen  that  one  of  the  light  frequencies  is  adjusted  in  such  a 
manner  that  a  resonance  occurs  for  an  electric-quadrupole-allowed 
single-photon  transition,  but  all  electric-dipole  single-photon  transitions 
are  far  off  resonance.  In  such  a  situation  the  electric  quadrupole  term 
cannot  be  ignored  as  the  resonance  causes  it  to  acquire  the  same  magnitude 
as  an  off-resonance  dipole  transition.  The  transition  rate  for  a  mixed 
dipole-electric  quadrupole  two-photon  transition  may  be  written  in 
analogy  to  (8.12)  as 
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It  is  assumed  that  the  frequency  co1  is  near  resonance  with  a  quadrupole- 
allowed  transition  between  two  levels  with  the  same  parity  | «')  and  | g), 
and  that  all  other  terms  are  non-resonant  and  negligible.  The  final  state 
of  this  two-photon  transition  | /')  has,  of  course,  the  opposite  parity 
from  \g ).  The  appropriate  selection  rules  on  the  orbital  angular  momentum 
are,  of  course,  AL  —  ±  1  or  ±3.  More  detailed  rules  may  be  derived  from 
the  known  selection  rules  for  the  quadrupole  interaction  matrix  element 
[(1/2 )eQ\VExe{]gn.,  consisting  of  the  inner  product  of  the  quadrupole 
tensor  and  the  electric  field  gradient  tensor.  In  (8.17)  the  gradient  operator 
has  been  replaced  by  ikx  appropriate  for  a  plane  wave  with  wave  vector  kv 


-  / 


8.2.4  Two-Photon  Ionization 

The  final  state  | /)  may  lie  in  the  ionization  continuum.  In  this  case  the 
continuum  state  wave  is  characterized  by  the  wave  vector  of  the  photo¬ 
electron  K.  An  integration  over  the  continuum  of  final  states  in  the 
neighborhood  of  the  resonance  for  the  two-photon  process  must  be 
carried  out.  This  has  been  discussed  in  several  review  papers  [8.16,20]. 
Peaks  in  the  two-photon  ionization  rate  occur,  when  there  is  a  one- 
photon  resonance  with  a  bound  intermediate  level  In').  Lambropoulos 
et  al.  [8.21]  have  pointed  out  the  significance  for  two-photon  ionization 
peaks  caused  by  a  resonant  quadrupole  resonance  via  an  intermediate 
state  | n').  Armstrong  and  Wynne  [8.22]  have  observed  multi-photon 
transitions  to  auto-ionizing  states  lying  in  the  continuum  beyond  the 
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ionization  potential.  Characteristic  Fano-type  interference  effects  occur 
also  for  the  nonlinear  optical  processes  to  an  auto-ionizing  state  embedded 
in  a  continuum.  As  the  subject  matter  of  this  review  is  restricted  to 
Doppler-free  high-resolution  two-photon  spectroscopy,  two-photon 
ionization  will  not  be  pursued  further.  The  integration  over  a  continuum 
of  final  momentum  states  tends  to  wash  out  Doppler-free  features.  This 
brief  section  is  merely  intended  to  provide  some  references,  which  may 
serve  as  a  starting  point  for  further  study  of  this  related  topic. 


8.2.5  Power-Dependent  Stark  Shift  and  Broadening 


When  a  dc  electric  field  is  applied  to  an  atom  or  a  molecule,  a  quadratic 
Stark  splitting  commonly  occurs,  partially  lifting  the  spatial  degeneracy. 
Levels  with  the  same  absolute  value  of  spatial  quantum  number  ±nig, 
where  J  indicates  an  atomic  multiplet  level  or  a  rotational  level  of  a 
molecule,  remain  degenerate.  Furthermore,  a  shift  in  the  center  of  gravity 
of  an  atomic  level  may  occur.  A  P-state  will,  for  example,  be  pushed  up 
by  second-order  electric  dipole  perturbation  from  a  S-state,  or  D-state, 
with  a  lower  energy;  it  will  be  pushed  down  by  second-order  perturba¬ 
tions  from  S-  and  D-states  with  a  higher  energy.  These  Stark  shifts  and 
splittings  are  theoretically  well  known  and  have  been  detected  by  two- 
photon  Doppler-free  spectroscopy  [8.23],  It  may  be  remarked  paren¬ 
thetically  that  quantum  beat  spectroscopy  [8.24]  can  detect  the  splitting, 
but  not  the  shift  in  the  center  of  gravity  of  a  multiplet. 

There  will  also  be  a  second-order  shift  between  a  pair  of  energy  levels 
connected  by  an  electric  dipole  interaction  with  an  oscillating  electric 
field.  Such  a  shift  may  be  calculated  by  standard  second-order  perturba¬ 
tion  theory.  The  displacement  of  the  ground  state  will  for  example,  be 
given  by 


JWg=- 
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h~l  |£i 
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(gr-gi)g„(er-g*)„g 
^ ng  ^  1 


(8.18) 


When  cj1  is  near  resonance  with  ajng,  the  magnitude  of  the  light-induced 
shift  can  become  appreciable.  The  sign  of  the  shift  changes  when  coj  passes 
from  below  resonance  to  above  resonance.  The  same  (8.18)  of  course  also 
describes  the  dc  Stark  shift  if  we  take  col  =0  and  drop  the  factor  j,  as  for 
the  dc  case  the  “anti-resonant”  terms,  with  c Oj  replaced  by  —  col5  become 
equally  important.  If  the  ground  state  \g )  is,  for  example,  an  atomic 
S-state,  the  electric  field  admixes  some  P-character.  The  mixing  becomes 
very  pronounced  near  resonance.  At  this  point  the  damping  in  the 
resonant  denominator  cannot  be  ignored  and  the  term  —  iFng/2  must  be 
added  to  the  denominator  in  (8.18).  When  this  is  done  and  the  Doppler 
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shift  in  frequency  is  taken  into  account,  the  real  second-order  energy 
shift  becomes 


CO 


ng 


+  klvx-co1 


(cong  +  klvx-ao1)2  +  (rng/2) 


(8.19) 


The  corresponding  imaginary  part  signifies  an  additional  damping.  If 
there  is  no  collisional  or  other  homogeneous  broadening  of  the  ground 
state,  its  lifetime  would  be  infinite,  as  there  can  be  no  spontaneous 
emission  from  the  ground  state.  The  excited  state  has  a  natural  lifetime 
for  spontaneous  emission  which  is  then  responsible  for  the  natural 
width  rng  of  the  transition.  Due  to  the  admixture  of  this  excited  state  the 
new  ground  state  acquires  a  “borrowed”  damping  leading  to  a  power- 
dependent  broadening 
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When  ojx  is  near  resonance  with  cong  and  if  col  +  co2  is  near  resonance  with 
the  two-photon  transition  cofg,  then  co2  is  necessarily  near  resonance  with 
co fn.  The  corresponding  quadratic  Stark  shift  of  the  final  level  |/>  must 
then  also  be  taken  into  account.  It  will  also  receive  an  additional  damping 
from  admixture  of  the  state  |n>.  This  may  be  important  if  the  pure  |/> 
state  is  metastable  and  has  an  intrinsic  long  lifetime  against  spontaneous 
emission.  An  important  example  is  provided  by  the  1S-+2S  two-photon 
transition  in  atomic  hydrogen. 

The  total  Stark  shift  for  the  two-photon  transition  thus  becomes 
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If  o)x+oj2  =o)fg,  then  cong  +  k1vx  —  Wj «  —(cofn  —  k2vx  —  co2)  and  the  two 
contributions  will  have  opposite  sign. 

The  damping  parameter  for  the  nearly  Doppler-free  transition  is 
increased  by  an  amount 
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The  second-order  light-induced  Stark  shift  is  a  readily  observable  effect 
in  two-photon  Doppler-free  transitions  [8.25],  If  this  transition  occurs 
between  a  ground  state  and  a  metastable  level,  such  a  two-photon 
transition  can  become  exceedingly  sharp,  if  collisional  broadening  is 
absent.  Under  such  circumstances  the  power  broadening  may  also 
become  observable. 

The  perturbation  approach  adopted  so  far  is  plausible  although  the 
validity  of  using  the  second-order  perturbation  first  to  calculate  energy 
level  shifts  and  broadening,  and  next  to  use  the  same  interaction  to 
compute  the  two-photon  transition  rate  is  questionable.  Fortunately, 
this  procedure  can  be  justified  by  a  rigorous  non-perturbation  solution 
outlined  in  the  next  section,  which  also  takes  into  account  saturation 
broadening.  This  occurs  when  the  frequency  variation  of  a  field  also 
produces  important  changes  in  the  populations  of  the  energy  levels. 

8.2.6  Rigorous  Solution  for  Two-Photon  Transitions 
in  a  Three-Level  System 

It  is  possible  to  obtain  solutions  of  the  density  matrix  equation  of  motion 
of  a  material  system  which  are  correct  to  all  powers  in  the  amplitude  of 
one  of  the  applied  fields  [8.26],  This  can  be  done  by  transforming  to  a 
rotating  coordinate  system  in  which  this  one  field  becomes  time  in¬ 
dependent.  One  thus  takes  account  of  the  saturation  effects,  the  Stark 
shift  and  power  broadening  by  one  electromagnetic  mode  completely. 
The  other  modes  are  still  treated  by  a  perturbation  procedure. 

Another  case  in  which  all  powers  of  the  amplitudes  of  two  or  more 
applied  fields  may  be  retained  in  the  solution  occurs  when  each  mode  of 
the  electromagnetic  field  can  induce  a  transition  only  between  one  pair 
of  energy  levels.  Physical  justification  for  this  assumption  exists  if  each 
mode  is  near  resonance  with  only  one  particular  level  separation  or  if 
polarization  selection  rules  forbid  all  possible  transition  but  one. 
Consider,  for  example,  the  case  of  three  energy  levels  and  two  applied 
electromagnetic  modes  as  illustrated  in  Fig.  8.4.  The  mode  at  frequency 
coj  induces  transitions  only  between  levels  |1>  and  |3>;  the  mode  at  oo2 
can  induce  transitions  only  between  levels  |2>  and  |3>. 

The  three-level  system  is  described  by  the  nine  elements  of  the  three- 
by-three  density  matrix.  Three  off-diagonal  elements  are  the  complex 
conjugates  of  the  other  three  transposed  off-diagonal  elements.  The 
three  diagonal  elements,  proportional  to  the  population  in  each  of  the 
three  energy  levels,  obey  a  trace  relation,  if  the  total  number  of  atoms 
is  kept  constant.  Thus,  there  are  two  independent  real  equations  for  the 
diagonal  elements  and  three  complex  equations  for  the  off-diagonal 
elements.  The  latter  may  be  represented  for  an  atom  moving  with  a 
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Fig.  8.4.  Two-photon  absorption  in  a  three-level 
system  near  resonance  (with  notation  used  in 
Sect.  8.2.6) 


velocity  vx  parallel  to  the  beam  at  by 

n  kiVx)t 

—  t'13c 

fi23  =  e'23e"i,"2+‘"')'  (8.23) 

n  _  n  pi[U>l+<02+(.k2  —  kl)Vx]t  ^  ?  H(Dl+0>2)t 

fc'12- fc'12c  ~k'12t: 

The  amplitudes  q13,  q23,  q12  are  slowly  varying.  All  rapidly  oscillating, 
non-resonant  terms  in  q{  3,  ^23’  f?  12  an<^  the  diagonal  elements  are  dropped. 
This  truncation  procedure  is  the  basic  assumption  in  this  approximation. 
There  is  only  one  Fourier  component  for  each  matrix  element.  The 
equation  of  motion  for  the  density  matrix,  (8.1),  under  the  influence  of 
an  electric  dipole  interaction  Hamiltonian  may  then  be  written  out 
explicitly  in  the  following  components: 


£1 3  +  iQi  3^  ~  i/T2y =  He  3 3  -  Q 1 1 )  ■ -  WQi  2  >  (8 -24a) 

^23-*e23(^'  +  i/T2)=ijS(e33-e22)-iac2i  >  (8.24b) 

^12  +  ^12(^+^'-I'A2)  =  ^32-i^l3  2  (8.24c) 

Qn  =Ia((?3i  ^13)  1 1  —  {?ii)/^i  5  (8.24d) 

Q.22  =  ifi(Q32  Q23)  {Q22  ^22)/ 21 5  (8.24e) 

Q  33  =  i&(Q  13  (?3l)~b  3  Q32)  ((?33  ^3  3)/^!  •  (8.24f) 
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In  order  to  avoid  non-essential  algebraic  complications  it  has  been 
assumed  that  the  width  of  the  one-photon  allowed  resonances  is  the  same 


r31/2  =  r32/2=l/T2,  while  r21/2=l/T2.  (8.25) 

The  relaxation  time  for  population  changes  in  the  three  levels  is  assumed 
to  be  equal 

Ai  =  A2  =  r33=l/7i.  (8.26) 

The  populations  in  thermal  equilibrium,  in  the  absence  of  applied  light 
waves,  are  given  by  g°lx,  g22,  and  £33.  For  optical  frequencies  and  not  too 
elevated  temperatures  one  may  take 

rii  =  i,eS2=eS3=o.  (8.27) 


Furthermore,  the  following  abbreviations  have  been  introduced 


a  =j(er-el)l3Elh  1  ,  (8.28) 

P=J  {er-e2)32E2h-1,  (8.29) 

A  =a)1  —  kyvx  —  cu31  ,  (8.30) 

A’  =  co2  +  k2vx  —  co2i .  (8.31) 


The  set  of  Eqs.  (8.24a -0  is  obviously  linear  in  the  five  independent  matrix 
elements,  g13,  g23,  g13  and  the  population  differences  g22  —  Qn->  and 
Q\i~Q22-  The  steady  state  solutions  are  obtained  by  setting  the  time 
derivatives  equal  to  zero.  Explicit  solutions  for  the  resulting  set  of  five 
linear  algebraic  equations  have  been  given  by  Brewer  and  Hahn  [8.27] 
in  the  following  form,  if  one  takes  g°  j  =  1: 


- p 

Ql2  Ty{MP-DQY 

(8.32a) 

Q 

Qlx  Ql2  TX{MP-DQY 

(8.32b) 

(Q22~tQi2  ,  ^11  ~^33\ 

e,2~  \A'  +  i/T2  +  A  +  i/T2)’ 

(8.32c) 

XQ21  +  P(Q22-Q33) 

A'  +  i/T2 

(8.32d) 

~  —  PQl2  —  a(c?l  1  —  ^33) 

e,3~  A  —  ijT2 

(8.32e) 
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The  following  definitions  must  be  inserted  into  (8.32a-e)  in  order  to 
obtain  a  solution  correct  to  all  powers  in  a  and  /?,  i.e.,  for  arbitrarily 
large  field  amplitudes, 


a  =  <xB 


(d  +  d'-i/ t2)- 


a 


p2 


a1  -  ;/r2  a  -  i/r2J  ’ 


M  =  a*b*e  +  abe*  — 

Q  =  a*b*j  +  abj*  — 
-1 


2a  2/T2  ,  2(12/T2 


+ 


A2  +  l/Tf  A'2  +  1/T2 

2 .  . 


2  » 


2a2/T2  ,  4£2/T2 


e  =  ia[3 
b 


J2  +  l/T2  +  A'1  +  1/T22 

1  \ 


+  1  /tA, 


+ 


A  +  i/T2  A'  +  i/Tj’ 


1  1 

+ 


A-i/T2  A'-i/T2 
2 


D=  - 


2°,T2  +1/71 U 


vd2  +  i/T2 


+ 


d  +  i/T2  A  —  i/T2  ’ 


vd'  +  i/T2  d  +  i/T2J 


2a2/T2  a*j  +  a; 


:* 


d2  +  l/T22  d  +  i/T2  A-i/T2‘ 


(8.33a) 

(8.33b) 

(8.33c) 

(8.33d) 

(8.33e) 

(8.33Q 

(8.33g) 

(8.33h) 


The  complexity  of  these  solutions  is  such  that  little  physical  insight  is 
gained  from  them.  They  should  include  all  saturation  effects,  Stark 
shifts  and  power  broadening  due  to  both  fields.  To  illustrate  this,  focus 
the  attention  on  (8.33a)  and  rewrite  it  in  the  form 


a  jS 


/ 

l1 


d2  +  i/t2j 


+d'  1 


p2 


+ 


a 


d2  +  1/T22  A'2  +  1/T: 


(8.33a') 

Note  that  the  expectation  value  of  the  polarization  at  the  frequency  a>2 
is  proportional  to  g23  which  according  to  (8.32c,  32d,  33a')  contains  a 
term  proportional  to  a2/?  and  the  denominator  of  (8.33a').  The  nonlinear 
polarization  at  co2  responsible  for  two-photon  absorption  is  indeed 
proportional  to  E\E2  and  its  tuning  behavior  as  the  frequencies  cot  and 
co2  are  varied  is  given  by  the  denominator  in  (8.33a').  The  second-order 
Stark  shifts  and  the  power  broadening  given  previously  by  (8.21)  and 
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(8.22)  are  thus  recovered.  Their  simple  derivation  is  thus  justified  by  the 
general  solution. 

The  sets  of  equations  (8.32)  and  (8.33)  must  also  contain  the  descrip¬ 
tion  of  saturation  spectroscopy  experiments.  The  three-level  scheme 
with  waves  applied  at  two  frequencies  can.  of  course,  be  used  equally 
well  to  describe  Raman  effect  situations.  In  this  case  both  waves  should 
propagate  in  the  same  forward  direction  to  obtain  a  minimum  Doppler 
width  of  Raman  transitions.  Many  different  authors  [8.28]  have  used  the 
same  basic  equations  of  motion  of  the  form  (8.24a-f)  to  describe  a  variety 
of  physical  situations.  Different  approximations  are  made  in  the  solutions, 
depending  on  the  focus  of  attention.  The  most  general  solutions  are  too 
cumbersome  to  provide  the  desired  insight. 

Transient  solutions  of  the  same  set  of  equations,  for  various  initial 
conditions  of  the  density  matrix,  i.e.,  for  different  forms  of  preparation 
of  the  system,  have  also  been  widely  discussed.  They  are,  for  example, 
useful  in  describing  coherent  quantum  beats  due  to  initial  values  of  off- 
diagonal  elements  of  the  density  matrix  between  closely  spaced  states. 
Brewer  and  Hahn  [8.27]  mention  the  possibility  of  coherent  emission 
of  two  oppositely  directed  light  waves  following  a  suitable  preparation 
of  the  three-level  system  by  two-photon  absorption  in  analogy  with 
observed  coherent  Raman  beats  for  two  light  waves  traveling  in  the 
same  direction. 

If  one  of  two  fields  is  omitted  by  taking,  for  example,  /?  =  0,  the 
solution  reverts  to  the  well-known  Bloch  solutions  for  a  two-fevel 
system  with  one  rotating  field  component.  One  re-obtains  the  steady 
state  saturation  as  well  as  the  transient  effects  of  optical  or  optical 
“induction”,  optical  nutation,  etc. 

In  certain  cases  special  solutions  for  a  four-level  system  may  be 
obtained  by  the  density  matrix  method  valid  for  arbitrary  amplitudes 
of  the  fields  [8.29]. 

When  non-resonant  responses  are  important  and  many  energy  levels 
are  involved,  the  perturbation  approach  must  be  used.  It  always  has  the 
advantage  of  simplicity,  and  yields  reasonably  accurate  predictions  even 
in  many  resonant  situations. 


8.3  Experimental  Techniques 

All  experiments  to  observe  two-photon  absorption  spectra  without  the 
complication  of  Doppler  broadening  can  be  divided  into  three  sections 
as  is  shown  schematically  in  Fig.  8.5.  The  first  is  necessarily  a  laser  system 
which  produces  radiation  at  the  desired  frequencies  with  controlled 
linewidth,  power,  and  beam  parameters.  There  also  must  be  a  means  of 
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Fig.  8.5.  A  typical  configuration  for  observing  two-photon  absorption  without  Doppler 
broadening.  Photons  of  one  or  two  frequencies  are  generated  in  the  laser  system,  they 
excite  molecules  in  the  experimental  region,  and  the  detection  system  extracts  evidence  of 
the  excitation  from  background  signals 


detecting  the  simultaneous  absorption  of  multiple  quanta  by  the  sample 
medium  and  a  means  of  plotting  the  normalized  absorption  profile  as  a 
function  of  frequency.  Between  the  laser  and  detection  subsystems  there 
is  the  experiment  proper,  consisting  of  optics  to  define  the  photon  flux 
and  polarization  and  a  sample  cell  containing  the  vapor  being  studied. 
Each  of  the  subsystems  presents  experimental  complexities  and  often 
technological  difficulties;  we  shall  discuss  each  subsystem  in  turn. 

8.3.1  Laser  System  for  Doppler-Free  Multiphoton  Absorption 

Two-photon  transitions  without  Doppler  broadening  have  presently 
been  observed  with  ultraviolet,  visible  and  infrared  lasers.  Clearly, 
different  technologies  are  required  for  each  spectroscopic  region.  For 
the  near  ultraviolet,  visible,  and  near  infrared  regions  broadly  tunable 
narrowband  dye  lasers  are  more  than  adequate  [8.4],  The  wavelength 
range  spanned  by  these  devices  can  be  extended  into  the  vacuum  ultra¬ 
violet  by  nonlinear  mixing  and  harmonic  generation  techniques.  Be¬ 
tween  0.6  and  5  microns,  the  optical  parametric  oscillator  provides  a 
tunable  source  with  resolution  of  up  to  15  MHz  and  sufficient  power  to 
probe  moderately  strong  transitions  [8.30],  For  wavelengths  beyond 
5  microns,  a  variety  of  molecular  gas  lasers  produces  a  large  number  of 
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useful  frequencies  [8.31].  The  narrow  continuous  tuning  range  of  each 
of  these  lines,  however,  restricts  the  number  of  transitions  which  can  be 
probed.  More  widely  tunable  gas,  spin-flip  and  diode  lasers  are  being 
developed. 

All  laser  systems  suitable  for  these  experiments  share  certain  qualities. 
All  must  have  narrow  linewidths  and  stable  mode  frequencies.  Single¬ 
frequency  operation  is  desirable,  but  not  necessary.  For  multifrequency 
lasers,  the  observed  absorption  is  generally  reduced  by  a  factor  inversely 
proportional  to  the  number  of  frequency  components.  The  inherent 
linewidths  of  the  spectroscopic  structures  being  resolved  are  a  few 
megahertz  or  less.  The  Doppler  width  of  a  visible  line  is  typically  one 
gigahertz.  A  useful  laser  must  thus  have  a  linewidth  and  frequency  jitter 
less  than  roughly  100  MHz,  and  preferable  as  small  as  1  MHz.  The  lasers 
must  have  stable  low-order  transverse  mode  structures,  preferably 
TEM00  so  that  the  output  can  be  efficiently  concentrated  in  the  sample 
region.  The  peak  laser  power  must  be  sufficient 'to  produce  detectable 
signals  as  the  result  of  two-photon  absorption,  but  not  so  great  nor  so 
unstable  as  to  lead  to  unexpected  light  shifts  and  power  broadening. 
Often  increased  resolution  can  be  obtained  in  return  for  decreased  peak 
power.  The  repetition  rate  or  average  power  must  be  sufficient  to  permit 
data  collection  at  an  acceptably  rapid  rate,  and  the  entire  system  must  be 
reliable  enough  so  that  the  experimeter  can  concentrate  on  the  physics 
of  the  experiment  rather  than  the  maintainance  of  the  laser. 

These  desirable  qualities  may  be  summarized  in  terms  of  a  variety 
of  “figures  of  merit”.  One  such  figure  is  roughly  proportional  to  the  data 
collection  rate  in  a  two-photon  experiment 

(Peak  power  in  watts) 
(Wavelength  in  pm)  (Number  of  frequency  components) 

(Average  power  in  watts)  x  1000 
x - - 

(linewidth  in  MHz) 

where  the  linewidth  refers  to  a  single-frequency  component  and  the 
wavelength  factor  in  the  denominator  results  from  the  focusing  properties 
of  gaussian  beams.  Other  figures  of  merit  will  undoubtedly  occur  to  the 
reader.  The  minimum  acceptable  value  of  such  a  parameter  will  depend 
upon  the  characteristics  of  the  rest  of  the  experiment.  It  is  our  intention 
only  to  provide  a  reference  frame. 

8.3.2  Dye  Lasers 

Both  pulsed  and  cw  dye  lasers  have  been  employed  successfully  in 
Doppler-free  two-photon  absorption  experiments.  Technologically,  the 
main  problem  with  these  devices  is  the  design  of  a  resonator  structure 
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Fig.  8.6.  An  oscillator-amplifier  dye  laser  according  to  Hansch  [8.32].  The  grating,  etalon 
and  passive  filter  may  all  be  tuned  synchronously  by  means  of  varying  the  pressure  of  the 
gas  surrounding  each.  The  passive  filters  and  amplifier  stages  are  optional.  Isolation 
between  stages  is  accomplished  in  this  short  pulse  laser  by  separating  them  by  distances 
longer  than  can  be  covered  at  the  speed  of  light  within  the  pulse  length  of  the  exciting  laser 

capable  of  producing  a  narrowband  output  at  a  stable  frequency.  To 
some  extent  all  narrowband  laser  applications  share  these  problems,  and 
some  engineering  solutions — rigid  resonator  structures,  vibration  isola¬ 
tion,  etc. — are  common  to  all  lasers.  The  broad  gain  band  of  a  typical  dye 
laser  provides  some  special  difficulties,  however.  Two  or  more  frequency 
selective  elements  are  necessary  to  reduce  the  output  linewidth  to 
acceptable  levels.  All  the  frequency  selective  elements  must  be  tuned 
synchronously  to  maintain  narrowband  operation.  The  high  optical 
pumping  intensity  needed  to  invert  a  liquid  dye  mixture  also  leads  to 
difficulties.  Windows  in  the  dye  cell  tend  to  be  damaged  by  decomposing 
dye,  and  the  resonator  structure  cannot  be  entirely  shielded  fiom  vibra¬ 
tions  due  to  the  dye  circulation  system.  Without  rapid  and  often  neces¬ 
sarily  turbulent  circulation,  thermal  gradients  destroy  the  optical 
q  uality  of  the  gain  medium.  Remarkably  innovative  engineering  solutions 
e  ■  st  now  for  many  of  these  difficulties.  Each  type  of  dye  laser  has  its  own 
set  of  advantages  and  weaknesses,  but  the  most  flexible  design  seems  to 
be  the  Hanscd-type  pulsed  dye  laser,  [8.32,  33],  the  latest  version  of 
which  appears  in  Fig.  8.6. 

The  Hansch-type  dye  laser  is  generally  excited  by  relatively  short 
(<  16:  >s)  pulses  produced  by  a  nitrogen  or  ^-switched  ruby  laser.  The 
oscillator  cavity  contains  a  transversely  pumped  dye  cell  for  gain  and  a 
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telescope  to  expand  the  beam  that  comes  from  the  dye  cell  so  that  it 
illuminates  a  relatively  large  area  of  the  etalon-grating  combination 
which  provides  frequency  selection.  The  light  returning  from  the  filtering 
elements  is  then  refocused  into  the  dye  cell  by  the  telescope,  is  amplified, 
and  exits  through  a  partially  transparent  mirror.  Since  the  length  of  the 
exciting  pulse  is  too  short  to  allow  the  radiation  to  make  many  round 
trips  through  the  cavity,  no  longitudinal  modes  are  created.  The  output 
has  the  spectral  characteristics  of  filtered  and  amplified  spontaneous 
emission.  The  resonator  structure  when  properly  aligned  is  somewhat 
unstable.  As  a  result  transverse  mode  structure  resembles  a  TEM00  mode 
with  a  confocal  parameter  of  typically  6  cm.  The  repetition  rate  is  limited 
only  by  the  pumping  source. 

While  the  high  gain  of  a  laser-pumped  dye  permits  relatively  lossy 
elements  to  be  used  as  frequency  selection  components  within  the 
oscillator  cavity,  the  minimum  linewidth  that  can  be  achieved  with  a 
single-frequency  laser  of  this  sort  is  roughly  400  MHz.  To  narrow  the 
spectrum  further,  the  output  of  the  oscillator  must  be  filtered  by  a  passive 
confocal  interferometer.  The  laser  spot  on  the  interferometer  mirrors  is 
quite  small,  and  excessive  oscillator  power  will  result  in  damage  to  the 
coatings.  The  passive  filter,  etalon  and  grating  can  be  simultaneously 
tuned  to  vary  the  frequency  by  immersing  them  in  an  evacuable  chamber 
and  varying  the  pressure  of  the  surrounding  gas  [8.34],  The  linewidth  of 
the  beam  emitted  by  the  interferometer  may  be  10  MHz  or  less,  but  the 
power  level  that  results  from  the  various  constraints  is  too  low  for 
multiphoton  absorption. 

Two  stages  of  amplification  are  necessary  to  boost  the  peak  output 
power  back  to  an  acceptable  level.  Since  the  amplifiers  are  pumped  by  the 
same  short  pulse  laser  that  excites  the  oscillator,  the  amplifier  pumping 
pulses  must  be  delayed  with  respect  to  the  oscillator  pump.  The  linewidth 
of  the  output  which  results  from  the  amplifier  chain  is  limited  by  the 
uncertainty  principle  to  the  inverse  of  the  pulse  length.  This  pulse  length 
in  turn  is  a  property  of  the  pump  laser. 

Commercially  available  nitrogen  lasers  produce  peak  powers  of  up 
to  1  MW  in  pulses  8  ns  long  (FWHM).  The  output  of  an  amplified 
Hansch-dye  laser  pumped  in  this  way  is  typically  40  kW  peak  with  a 
6  ns  pulse  length  and  a  linewidth  of  120  MHz.  A  60  Hz  repetition  rate 
results  in  an  average  power  of  14  mW  producing  a  value  of  R  —  82  at 
2  =  486  pm  for  the  previously  defined  figure  of  merit. 

This  design  can  be  somewhat  simplified  by  combining  the  functions 
of  the  intracavity  etalon  and  the  passive  filter.  A  plane  Fabry-Perot 
interferometer  with  a  spacing  of  several  centimeters  used  as  an  intracavity 
etalon  will  allow  oscillations  on  several  bands  separated  by  the  free 
spectral  range  of  the  etalon.  The  linewidths  of  the  individual  bands  are 
limited  by  the  length  of  the  pumping  pulse  just  as  is  the  output  of  the 
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oscillator-amplifier  design.  Output  powers  of  20  kW  can  be  obtained 
from  an  oscillator  in  this  multiline  mode,  and  if  the  total  width  of  the 
spectrum  which  is  to  be  resolved  is  less  than  half  of  the  free  spectral  range 
of  the  etalon,  multiline  operation  does  not  degrade  the  experiment. 
Tuning  within  the  band  pass  of  the  grating  is  accomplished  by  simply 
tilting  the  etalon.  Any  pair  of  frequency  components  which  sum  to  the 
resonant  frequency  can  contribute  to  the  two-photon  absorption; 
however,  the  total  absorption  cross  section  depends  upon  the  phase 
relationships  among  the  frequency  components.  If  the  relative  phase  is 
random  the  various  two-photon  absorption  processes  add  incoherently 
in  a  quantum  mechanical  sense,  and  the  absorption  is  less  than  it  would 
be  in  the  single-frequency  case  by  a  factor  inversely  proportional  to  the 
number  of  frequency  components.  If,  however,  a  single  frequency  had 
somehow  been  selected  from  the  comb  of  output  modes,  the  cross 
section  would  have  been  reduced  still  further. 

If  the  relative  phases  of  the  output  frequency  components  are  a 
constant,  the  modes  add  together  to  produce  sharp  pulses  separated  in 
time  by  the  inverse  of  the  free  spectral  range  of  the  interferometer.  This 
mode-locking  produces  a  net  enhancement  of  the  two-photon  absorption 
over  that  expected  in  the  single-frequency  case.  If  succeeding  mode- 
locked  pulses  are  made  to  overlap  within  the  sample  region,  and  if  the 
mode-locking  is  perfect,  the  enhancement  in  the  average  cross  section 
is  proportional  to  the  number  of  modes.  While  techniques  exist  for 
ensuring  mode-locking,  they  have  proved  difficult  to  apply  to  narrow- 
band  lasers  of  this  sort  [8.35],  The  uncertainty  and  variability  in  the 
amplitudes  and  phase  relation  of  the  frequency  components  result  in  an 
uncertainty  in  the  measured  absorption  cross  sections  and  provide  a 
noise  level  on  the  two-photon  absorption  signal  when  this  sort  of 
simplified  Hansch  laser  is  employed. 

The  high  gain  of  a  laser-pumped  dye  oscillator  combined  with  the  short 
risetime  of  a  nitrogen  laser  pump  minimizes  the  delay  between  the  pump 
pulse  and  dye  laser  output.  Thus  there  is  no  problem  in  temporally 
synchronizing  the  outputs  of  two  dye  lasers  pumped  by  the  same  nitrogen 
laser,  and  experiments  in  which  a  material  simultaneously  absorbs  two 
quanta  of  different  energies  can  be  endeavored  with  lasers  of  the  Hansch 
design  [8.36],  Resonant  enhancement  of  two-photon  cross  sections  is 
generally  not  needed  as  adequate  signal  can  be  readily  obtained  in  most 
cases. 

The  very  high  output  powers  obtained  in  the  oscillator-amplifier 
version  of  the  Hansch  laser  can  be  used  to  produce  narrowband  tunable 
ultraviolet  either  by  sum  or  second  harmonic  generation  in  nonlinear 
crystals  [8.33]  or  by  third-order  mixing  in  atomic  vapors  [8.11,  12], 

Many  variations  of  the  basic  Hansch  design  have  been  made  to 
accommodate  the  oeculiarities  of  narticular  dves  and  Dump  sources. 
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True  single-mode  operation  of  a  laser  of  this  type  can  be  obtained  if  a 
pump  source  with  pulse  length  longer  than  about  50  ns  (such  as  a  xenon 
laser)  is  employed  along  with  several  judiciously  chosen  intracavity 
etalons.  The  resulting  15  MHz  linewidth  is  useful  in  a  number  of  high- 
resolution  experiments  where  the  output  of  cw  dye  lasers  is  insufficient 
to  excite  the  transition. 

While  the  pulse  energy  of  flash  lamp  pumped  dye  lasers  is  consider¬ 
able,  and  the  pulse  lengths  are  long  enough  to  permit  good  resolution, 
nearly  insoluble  engineering  problems  have  limited  the  best  resolution 
presently  obtained  to  roughly  500  MHz.  Relatively  low  repetition  rates 
also  reduce  the  speed  at  which  data  can  be  collected  with  such  apparatus. 

The  high  average  power  of  a  cw  dye  laser  partially  compensates  for  its 
low  peak  power  and  makes  this  device  an  attractive  alternative  to  the 
Hansch  laser  in  some  two-photon  absorption  experiments.  In  addition, 
a  number  of  published  laser  designs  and  two  commercial  units  have 
linewidths  and  frequency  stabilities  in  the  0.2  to  15,MHz  range  [8.37-39]. 
Since  the  frequencies  and  output  powers  of  these  lasers  can  be  stabilized 
by  standard  servo  techniques,  cw  dye  lasers  are  preferred  over  pulsed 
dye  lasers  for  ultra-high  precision  applications  [8.38]. 

Many  of  the  most  successful  design  concepts  are  incorporated  in  the 
two  commercially  produced  narrowband  cw  dye  lasers,  the  Coherent 
Radiation  599  and  the  Spectra  Physics  580A  diagrammed  in  Fig.  8.7. 
Both  employ  a  free-flowing  jet  of  dye  solution  as  the  gain  medium  and  a 
three-mirror  cavity  configuration.  Narrowband  operation  is  achieved 
with  piezoelectrically  tunable  intracavity  etalons,  and  the  output 
frequency  is  scanned  continuously  over  limited  ranges  by  simultaneously 
tuning  the  etalon  and  cavity  length.  Output  powers  in  narrowband 
operation  range  up  to  300  mW. 

Problems  of  photochemical  instability  of  the  coumarin  and  oxazine 
dyes  have  limited  the  operating  range  of  these  dye  lasers  to  the  red  to 
green  section  of  the  spectrum.  In  a  cw  dye  laser,  narrowband  operation 
is  achieved  by  a  delicate  balancing  of  broadband  gain  and  frequency 
specific  loss.  The  optics  used  to  ensure  narrowband  operation  must  be 
designed  for  a  specific  and  rather  narrowly  defined  gain  parameter.  If 
the  gain  should  change  as  a  result  of  dye  decomposition,  the  boundary 
between  narrowband  laser  operation  and  no  laser  operation  is  readily 
crossed. 

With  cw  lasers,  the  problems  of  synchronization  and  power  stability 
disappear,  generally  to  be  replaced  by  the  problem  of  low  signal  level, 
although  many  two-photon  transitions  have  a  large  enough  cross 
section  to  be  detected  by  cw  dye  lasers.  With  values  of  the  figure  of 
merit  R  ranging  from  0.1  to  2  for  the  various  laboratory  and  commercial 
lasers  of  this  type,  cw  dye  lasers  put  much  more  of  a  burden  on  the 
detection  system  than  does  the  Hansch  laser. 
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Fig.  8.7.  A  typical  single-mode  dye  laser  configuration.  The  tuning  wedge  selects  a  band  of  oscillation  a  few  wave  numbers  wide  within  the  broad 
tuning  range  of  the  dye.  The  fine  tuning  etalon  narrows  the  spectrum  further  and  the  piezoelectrically  tunable  interacavity  etalon  selects  a  single 
longitudinal  mode.  The  frequency  of  that  mode  can  be  swept  by  simultaneously  varying  the  plate  spacing  of  the  intracavity  etalon  and  the  length 
of  the  cavity  by  means  of  a  piezoelectric  translator  on  the  output  mirror  (after  Spectra  Physics  Corp.) 
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8.3.3  Optical  Parametric  Oscillators 

As  the  output  wavelength  increases  beyond  650  nm,  dye  lasers  become 
increasingly  difficult  to  use.  Although  proven  laser  dyes  exist  that  produce 
wavelengths  out  to  one  micron,  the  dye  laser  is  a  less  convenient  source  of 
near  infrared  light  than  is  the  optical  parametric  oscillator  [8.30], 
Parametric  oscillation  has  been  demonstrated  in  a  number  of  laboratories 
at  wavelengths  ranging  from  0.4 p  to  lip.  The  large,  perfect  crystals  of 
exotic  materials  needed  for  these  devices  often  cannot  be  easily  obtained. 

Excellent  temperature  control  on  the  nonlinear  crystal  is  required  for 
reproduceable  tuning,  and  the  band  over  which  oscillation  occurs  is  often 
a  wavenumber  or  so.  The  cavity  configurations  generally  used  in  an 
optical  parametric  oscillator  do  not  lend  themselves  to  easy  single 
longitudinal  mode  operation.  However,  the  overall  cavity  is  often  so  short 
that  the  frequency  interval  between  longitudinal  modes  is  greater  than  the 
width  of  spectrum  being  resolved.  The  multifrequency  nature  of  the 
output  of  such  a  device  seems  to  produce  fewer  difficulties  than  encounter¬ 
ed  in  using  the  simplified  Hansch  laser  discussed  previously.  The  mode 
frequencies  are  readily  tuned  by  translating  the  output  mirror  piezo- 
electrically.  Resolution  is  again  limited  only  by  the  uncertainty  principle 
[8.40]. 

One  commercially  produced  optical  parametric  oscillator — the 
Chromatix  1020 — has  been  found  suitable  for  Doppler-free  two-photon 
spectroscopy  in  the  near  infrared.  The  Chromatix  oscillator  uses  LiNb03 
as  the  oscillator  crystal  and  produces  a  total  peak  power  of  120  W  in 
twenty  longitudinal  modes.  This  is  an  inherently  pulsed  device  as  the 
large  pump  powers  needed  to  achieve  threshold  can  damage  the  oscillator 
crystal  if  maintained  continuously.  The  repetition  rate  can  be  quite  high, 
however,  and  thus  the  average  power  can  be  as  much  as  3  mW.  With  a 
proved  linewidth  and  frequency  stability  of  15  MHz  for  the  individual 
modes,  this  parametric  oscillator  has  a  two-photon  figure  of  merit  of 
R  =  0.1. 

As  yet  no  two-photon  absorption  experiments  have  been  attempted 
using  two  quanta  of  different  energies  produced  by  independent  parametric 
oscillators.  While  the  buildup  time  for  the  oscillation  can  be  appreciable, 
other  experiments  have  shown  that  it  is  possible  to  synchronize  two  such 
tunable  sources  by  pumping  them  both  with  the  same  laser  pulse. 


8.3.4  Molecular  Gas  Lasers 

Two-photon  transitions  beyond  the  range  spanned  by  organic  dye  lasers 
and  optical  parametric  oscillators  must  presently  be  probed  with  fixed 
frequency  lasers.  That  situation  will  change  with  further  engineering 
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development  of  presently  extant  laser  sources,  but  in  the  meantime  we  are 
fortunate  that  a  number  of  interesting  transitions  fall  near  the  gain  bands 
of  highly  developed  molecular  gas  lasers. 

These  molecules,  notably  C02,  N20,  and  CO,  produce  powerful  cw 
laser  oscillation  on  a  great  number  of  vibrational-rotational  transitions 
when  excited  by  a  glow  discharge  [8.31],  The  desired  laser  line  may  be 
selected  by  an  intracavity  diffraction  grating,  and  single  longitudinal 
mode  oscillation  is  obtained  in  this  middle  infrared  region  by  choosing 
an  overall  cavity  length  short  enough  that  only  one  such  mode  frequency 
falls  within  the  gain  band  of  the  molecules.  Tuning,  if  desired,  can  be 
accomplished  by  translating  the  output  mirror  [8.41], 

Watts  of  power  are  available  on  a  cw  basis,  and  in  a  mechanical¬ 
ly  stable  resonator,  the  output  frequency  will  vary  by  less  than  1  MHz. 
It  is  common,  however,  to  lock  the  frequency  of  such  a  laser  to  the  Lamb 
dip  in  the  center  of  its  gain  band  by  servoing  the  output  mirror  position 
to  the  power  level.  The  frequency  stability  thus  achieved  can  be  transferred 
to  another  laser  operating  at  an  arbitrary  point  within  the  gain  band  by 
frequency  offset  locking  [8.42].  Since  the  absolute  frequencies  of  many  of 
these  laser  transitions  are  known  to  considerable  accuracy,  the  result  is  a 
system  capable  of  measuring  the  absolute  frequency  of  a  two-photon 
transition  [8.42], 

The  output  power  of  these  molecular  gas  lasers  is  also  remarkably 
stable,  with  an  rms  ripple  of  less  than  one  part  in  106.  Feedback  techniques 
also  exist  for  stabilizing  the  output  further,  at  least  for  amplitude  fluctua¬ 
tions  of  relatively  low  frequency.  The  output  power  of  these  lasers  is  so 
stable  that  the  lack  of  sensitive  quantum  detectors  in  the  middle  infrared 
has  led  experimenters  to  detect  multiphoton  absorptions  by  monitoring 
the  consequent  decrease  in  the  power  transmitted  through  the  sample 
[8.43], 

The  figure  of  merit  defined  previously  for  visible  lasers  also  applies  to 
these  devices.  Assuming  1  W  of  output  power  and  20  kHz  linewidth,  the 
value  for  R  is  4000  at  2  =  9.4  pm.  Because  of  detection  difficulties  in  the 
far  infrared,  this  high  value  of  R  is  barely  adequate  to  permit  detection  of 
the  strongest  expected  two-photon  absorptions  due  to  vibrational- 
rotational  transitions.  It  can  be  improved  further  (at  a  considerable  cost 
in  power  stability,  however)  in  laser  systems  employing  a  transversely 
excited  pulsed  discharge  in  addition  to  the  cw  gain  medium  (i.e.,  a  hybrid 
cw — TEA  laser).  The  linewidth  of  such  a  device  would,  however,  be 
limited  by  the  uncertainty  principle  to  a  few  MHz  [8.44], 

The  figures  of  merit  estimated  for  various  types  of  laser  sources 
utilized  in  Doppler-free  two-photon  absorption  experiments  are  sum¬ 
marized  in  Table  8.1.  Choice  of  appropriate  apparatus  necessarily 
involves  other  factors,  such  as  detectors. 
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Table  8.1.  Figures  of  merit  for  various  types  of  lasers  for  use  in  two-photon  Doppler 
spectroscopy 


Type 

Wavelength  (nm) 

Figure  of  merit 

Hansch  laser 

380-760 

82 

(oscillator  +  amplifier) 

Doubled  Hansch  laser 

230-360 

10~3 

Simplified  Hansch  laser 

420-650 

2 

Commercial  cw  dye  laser 

500-646 

2 

Parametric  oscillator 

0.6-  3.5  p 

0.1 

Typical  molecular  laser 

5  -11  p 

4000 

8.3.5  Detection  Techniques 

The  most  common  detection  scheme  has  been  to  collect  light  emitted  by 
the  sample  as  a  result  of  fluorescent  decay  of  the  states  excited  by  multi¬ 
photon  absorption.  At  least  some  of  this  decay  fluorescence  should 
appear  at  much  shorter  wavelengths  than  the  incident  laser  and  thus  be 
readily  separable  from  elastic  scattering.  Since  sensitive  and  efficient 
quantum  detectors  have  long  existed  in  the  visible  and  ultraviolet  regions, 
this  is  the  most  commonly  employed  technique  in  dye  laser  experiments. 
Recently  developed  infrared  detectors  having  a  detectivity  of  d*  =  2x 
1010  cm  Hz1/2/watt  could  be  exploited  to  extend  this  technique  to  the 
10  pm  region. 

The  sensitivity  of  this  fluorescence  detection  technique  depends  on 
several  factors  including  the  characteristics  of  the  decay  channels  of  the 
states  excited  by  multiphoton  absorption.  For  maximum  signal,  the 
decay  photons  must  be  collected  over  as  large  a  solid  angle  as  possible. 
Generally  10%  of  the  quanta  radiated  can  be  collected  and  filtered  to 
remove  stray  scattering.  With  quantum  efficiencies  in  the  range  of  10% 
for  the  cathode  surfaces  of  typical  photomultipliers,  one  can  expect  a 
photo-electron  event  for  every  100  or  so  fluorescent  decays.  Quantum 
detectors,  of  course,  produce  signals  in  the  absence  of  light,  but  many 
years  of  development  have  reduced  this  dark  current  to  a  few  counts  per 
second  or  less  for  cooled  photomultipliers  with  bialkali  cathodes.  So- 
called  photon  counting  electronics  developed  for  light  scattering  will 
clearly  detect  a  light  level  ten  counts  per  second  above  this  background. 
If  the  incident  cw  laser  intensity  is  30  mW  and  if  10%  of  the  absorption 
events  result  in  photons  of  the  desired  wavelength,  an  attenuation  of  this 
beam  by  one  part  in  1011  due  to  multiquantum  events  can  be  detected. 
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Had  a  direct  absorption  measurement  been  attempted  instead,  the 
desired  signal  would  have  been  hopelessly  buried  in  laser  fluctuations 
and  detector  noise. 

When  the  laser  source  is  repetitively  pulsed,  the  fluorescent  decay 
photons  necessarily  appear  within  a  few  microseconds  of  the  laser  pulse. 
In  this  case  the  output  of  the  photodetector  can  be  averaged  by  a  gated 
integrator  system  which  accepts  signals  during  limited  time  intervals.  This 
technique  eliminates  most  of  the  photomultiplier  background  without 
the  need  for  cooling  the  detector,  and  eliminates  as  well  spurious  signals 
due  to  overhead  lights,  etc.  The  minimum  detectable  signal  is  then  on  the 
order  of  one  photoelectron  per  laser  pulse.  If  the  energy  per  pulse  is 
100  pJ,  attenuations  of  the  primary  beam  of  10“ 11  may  also  be  readily 
detected  by  this  technique. 

Various  phenomena  may  degrade  the  signal-to-noise  ratio  obtained 
by  these  methods.  At  the  low  light  levels  involved,  all  materials  fluoresce 
somewhat  when  excited  by  a  laser  and  care  must  be  taken  to  shield  the 
photodetectors  from  such  spurious  radiation.  If  the  states  excited  by 
inultiquantum  absorption  decay  by  the  emission  of  narrow  fluorescence 
lines,  an  interference  filter  may  provide  sufficient  wavelength  selection 
without  significantly  reducing  the  solid  angle  over  which  quanta  are 
collected.  Conventional  monochromators  have  better  resolution  than 
interference  filters,  but  their  throughput  is  often  inadequate.  Still,  the 
tandem  monochromators  developed  for  Raman  scattering  experiments 
will  attenuate  unwanted  frequency  components  by  eight  orders  of 
magnitude. 

Undesirable  fluorescence  may  result  from  linear  absorption  in  the 
sample  itself.  Many  alkali  metal  vapors,  for  example,  form  dimers 
capable  of  absorbing  the  frequencies  needed  for  two  quantum  absorption 
in  the  atoms  [8.45],  Many  of  the  excited  molecules  will  then  decay  by 
fluorescing  at  wavelengths  longer  than  the  incident  wavelength  but  some 
molecules  may  absorb  a  second  quantum  and  dissociate  into  atoms,  one 
of  which  may  be  sufficiently  excited  to  radiate  at  an  atomic  line  of 
wavelength  shorter  than  the  incident  radiation.  True  two-photon 
absorption  can  also  be  observed  in  trace  contaminants  as  the  result  of 
accidental  resonant  enhancement. 

If  the  detected  fluorescence  corresponds  to  a  resonance  line,  self¬ 
absorption  can  be  a  problem.  Often  this  phenomenon  will  result  in  the 
bulk  of  the  fluorescence  signal  occurring  on  the  resonance  line  of  longest 
wavelength  in  violation  of  the  expected  branching  ratios.  Truly  metast¬ 
able  states,  like  the  hydrogen  2S-state,  may  be  directly  excited  by  multi¬ 
quantum  absorption.  Generally  these  states  decay  eventually  by  a  route 
involving  the  emission  of  a  photon,  although  the  emission  may  be 
triggered  by  a  collision  or  a  purposely  applied  dc  electric  field. 
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While  the  technology  of  quantum  detection  is  quite  advanced, 
situations  do  occur  when  it  cannot  be  used.  One  can  imagine  cases  where 
the  dominant  decay  route  for  an  excited  state  does  not  involve  the  radia¬ 
tion  of  any  detectable  quantum.  In  these  situations,  detection  techniques 
developed  for  other  purposes  can  be  applied  to  Doppler-free  multi¬ 
quantum  spectroscopy. 

One  well-developed  technique  of  this  sort  relies  upon  photoionization 
of  an  excited  species.  Photoionization  is  quite  likely  to  occur  in  multi¬ 
quantum  absorption  experiments  in  any  case.  The  ion  produced  can  be 
detected  with  high  efficiency  in  space  charge  ionization  diode,  or  by  a 
secondary  emission  electron  multiplier  [8.46, 47],  The  required  electrodes 
must  be  designed  into  the  optical  absorption  cell,  but  the  outputs  of  these 
detection  devices  have  many  of  the  same  characteristics  as  quantum 
detectors. 

All  other  techniques  having  failed,  it  is  indeed  possible  to  detect  the 
decrease  in  transmission  of  an  incident  laser  beam  due  to  Doppler-free 
two-photon  absorption  [8.43].  Since  the  expected  attenuation  will  be 
small,  at  least  one  laser  with  extreme  amplitude  stability  is  essential. 
Even  so,  phase-sensitive-detection  techniques  are  necessary  to  extract 
the  small  transmission  dip  from  detector  and  laser  noise.  Fortunately, 
techniques  of  this  sort  have  been  well  developed  by  experimenters  working 
in  saturated  absorption  spectroscopy  [8.48]. 

Basically  the  idea  is  to  monitor  the  intensity  of  a  stable  laser  beam 
transmitted  through  a  sample  cell  while  the  absorption  coefficient  of  the 
cell  is  modulated  with  a  known  frequency  and  phase.  The  modulation 
may  be  accomplished  by  pulsing  or  chopping  the  output  of  a  second 
counterpropagating  laser  beam.  Thus  multiquantum  absorption  will 
occur  when  both  beams  are  incident  whenever  the  sum  of  the  photon 
energies  of  the  two  waves  equals  a  transition  energy.  It  is  also  possible 
to  modulate  the  frequency  of  the  second  or  pump  laser  by  dithering  one 
mirror.  For  transitions  between  vibrational  or  rotational  levels  of  a 
molecule,  a  third  modulation  technique  is  more  convenient.  In  order  to 
achieve  coincidence  between  a  molecular  transition  frequency  and  the 
fixed  frequency  of  a  gas  laser,  the  molecular  transition  must  be  tuned 
with  a  dc  Stark  field.  It  is  then  relatively  easy  to  superimpose  a  small  ac 
component  upon  the  tuning  field  and  modulate  the  transition  frequency 
of  the  molecule.  The  laser  outputs  and  frequencies  can  then  be  highly 
stabilized  by  servo  techniques,  and  yet  the  modulation  required  for 
synchronous  detection  is  retained  [8.48]. 

Sufficient  sensitivity  and  linearity  are  provided  for  detection  of  this 
effect  in  the  infrared  by  a  number  of  detectors.  In  the  10  pm  region,  a 
helium-cooled  copper-doped  germanium  detector  or  a  mercury- 
cadmium-telluride  detector  is  probably  preferred.  If  the  frequency  of  a 
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laser  or  of  the  transition  is  modulated,  the  detected  ac  signal  will  depend 
upon  the  amplitude  of  the  frequency  modulation.  Excessive  modulation 
will  distort  the  experimental  lineshape,  making  it  broader  than  true 
lineshape  of  the  transition.  The  effect  is  not  serious  if  only  the  center 
frequency  of  the  transition  is  desired,  otherwise  a  correction  factor  must 
be  computed. 

When  the  frequency  of  a  laser  is  varied,  the  output  intensity  changes  as 
well  in  most  cases.  Since  the  multiphoton  absorption  signal  depends 
upon  a  product  of  laser  intensities,  a  true  measurement  of  the  relative 
cross  sections  of  features  resolved  by  the  Doppler-free  technique  neces¬ 
sarily  requires  that  the  absorption  signal  be  normalized  to  the  correct 
product  of  laser  intensities.  In  the  case  of  pulsed  lasers  where  the  intensity 
variation  is  most  severe,  this  is  best  accomplished  on  a  shot-by-shot  basis 
with  an  on-line  computer.  This  same  computer  could  then  average  the 
resulting  ratios  to  reduce  random  noise.  Alternatively  the  absorption 
signal  and  laser  intensities  can  be  separately  averaged  by  gated  integrators 
or  photon  counters  and  the  average  of  the  signal  divided  by  the  product 
of  the  average  laser  intensities  either  digitally  or  by  means  of  operational 
amplifiers  [8.7],  The  problem  is  less  severe  when  cw  laser  sources  are 
employed,  but  even  then  some  sort  of  normalization  is  desirable. 


8.3.6  Two-Photon  Absorption  Cell  Configurations 

At  the  intersection  of  the  laser  and  detection  systems  stands  the  actual 
experiment.  It  is  there  that  two  or  more  laser  beams  are  broiight  together 
in  such  a  way  that  the  momenta  of  the  interacting  photons  cancel  and  it  is 
there  that  the  results  of  the  interaction  with  the  sample  vapor  are  monitor¬ 
ed.  The  apparatus  of  the  experimental  region  can  be  deceptively  simple, 
some  lenses  and  mirrors,  a  cell  to  hold  the  vapor,  and  polarization  rotators, 
but  care  taken  in  the  design  of  this  simple  apparatus  is  absolutely 
essential. 

A  typical  configuration  with  which  to  observe  two-quantum  absorp¬ 
tion  without  Doppler  broadening  appears  in  Fig.  8.5.  A  laser  beam  at 
frequency  a>1  is  incident  from  the  top.  The  desired  polarization  condition 
is  selected  by  a  glan-laser  prism  and  the  appropriate  retardation  plates. 
The  diffraction-limited  beam  is  then  focused  with  a  lens  in  such  a  way 
that  the  minimum  spot  size  occurs  inside  the  sample  cell.  There  is  no 
particular  advantage  to  sharp  focusing  in  a  two-photon  experiment.  The 
size  of  the  observed  effect  due  to  two-quantum  absorption  will  be 
proportional  to  the  square  of  the  laser  power  per  unit  area  and  to  the 
number  of  atoms  or  molecules  in  the  focal  region.  The  length  of  this 
focal  region,  often  called  the  Rayleigh  range,  depends  upon  the  size  of  the 
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minimum  focal  spot.  For  gaussian  beams  the  formula  is 
Zr  =  tiwq/  a 

where  w0  is  the  1/e2  radius  of  the  beam  at  focus  [8.49].  The  volume  of  the 
focal  region  is  thus  roughly  V  =  2J/2nZrWo  an^  is  proportional  to  the 
number  of  atoms  excited.  The  expression  for  the  total  signal  then  becomes, 

S  =  qVP2/(  Ttw2)2 

where  q  is  the  number  density  of  the  sample  vapor  and  P  is  the  rms  laser 
power.  Note  that  the  factors  proportional  to  the  radius  of  the  focal  spot 
cancel.  Thus  one  will  obtain  optimum  signal  whenever  the  laser  beam  is 
focused  in  such  a  way  that  the  Rayleigh  range  is  less  than  the  effective 
sample  length.  In  practice  more  than  adequate  signal  can  often  be 
obtained  when  this  condition  is  not  fulfilled,  and  the  only  effect  of 
focusing  even  this  tightly  is  to  introduce  light  shifts  and  power  broaden¬ 
ing. 

A  second  incident  laser  beam  with  proper  polarization  and  frequency 
co2  must  be  focused  into  the  cell  from  the  bottom.  It  should  be  nearly 
collinear  with  the  first,  and  focused  in  exactly  the  same  way,  to  obtain  a 
residual  Doppler  broadening  of  magnitude 

Acod={co1  —  oj2)(2kT /me2  In 2) 1  2  . 

Residual  Doppler  broadening  may  also  occur  when  two  beams  of 
exactly  the  same  frequency  are  employed  in  a  geometry  where  the 
wavevectors  are  not  exactly  antiparallel.  Such  situations  are  not  neces¬ 
sarily  the  result  of  experimental  sloppiness.  When  the  optimum  focusing 
and  collinearity  conditions  are  reached,  frequency  components  may  feed 
back  into  the  laser  cavity  from  the  sample  region  and  destabilize  the 
oscillation  frequency.  A  variety  of  techniques  exists  for  eliminating  this 
effect,  but  many  have  undesirable  side  effects.  Isolation  techniques  based 
upon  the  reflection  properties  of  circularly  polarized  light,  for  example, 
restrict  the  accessible  polarization  conditions  that  can  be  employed. 
Shutters  and  short-pulsed  lasers  lead  to  uncertainly  principle  broadening. 
Passive  absorbers  necessarily  reduce  the  signal  intensities.  Isolators 
based  upon  the  principle  of  Faraday  rotation  will  work,  but  presently  are 
not  widely  available  [8.50].  The  simplest  solution  to  this  feedback 
problem  is  to  utilize  beams  that  are  slightly  non-collinear  and  isolate  the 
laser  from  the  returning  beam  by  spatial  filtering.  The  residual  Doppler 
effect  expected  will  be 

Aco0  =  2(i>1(2kT/mc2  In  2) 1/2  sin  6 
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where  9  is  the  deviation  from  collinearity  of  the  laser  beams.  To  achieve 
this  near  collinearity  in  practice  one  may  reflect  and  refocus  the  laser 
beam  transmitted  through  the  sample  cell  by  means  of  a  properly 
chosen  lens  and  a  prism  retroreflector  rather  than  with  a  concave  mirror. 

The  geometrical  configuration  just  described  will  permit  the  observa¬ 
tion  of  Doppler-free  absorption  of  any  even  number  of  quanta.  The 
geometries  suitable  for  experiments  involving  odd  numbers  of  quanta  are 
more  complex.  The  signals  produced  by  all  of  these  higher-order  effects 
will  be  enhanced  by  tight  focusing  of  the  interacting  beams,  and  the 
expected  cross  sections  are  small  enough  in  general  to  require  all  the 
sophistication  one  can  muster. 

The  sample  cell  itself  can  be  quite  simple,  or  may  be  more  sophisticat¬ 
ed,  employing  the  recently  developed  heat  pipe  technology  and  perhaps 
containing  part  of  the  detection  apparatus.  Some  reactive  vapors  are 
best  handled  as  atomic  or  molecular  beams,  but  the  Doppler-free 
technique  removes  all  the  collimation  requirements  previously  needed 
for  high-resolution  spectroscopy.  Thus  the  “beam”  can  be  quite  rudi¬ 
mentary  [8.23].  One  requirement  upon  the  cell  is  that  the  optical  windows 
be  of  adequate  quality,  that  they  not  degrade  the  focal  properties  of  the 
beam,  or  scatter  it  extensively  or  produce  spurious  signals  as  a  result  of 
fluorescence,  etc.  If  the  cell  must  be  heated,  care  should  be  taken  that  the 
heating  elements  not  produce  magnetic  fields  sufficient  to  perturb  the 
energies  of  the  highly  excited  states  being  probed. 

When  nearly  collinear  beams  of  frequencies  col  and  co2  incident  from 
opposite  directions,  overlap  with  sufficient  intensity  within  the  sample 
cell,  a  signal  due  to  two-photon  absorption  will  appear  whenever 
/laq  +  hco2  =  AE  is  the  energy  separation  of  two  levels  of  the  same  parity. 
The  width  of  this  resonance  can  be  quite  narrow,  and  that  is,  of  course, 
the  point  of  the  technique.  However,  the  resonance  can  be  quite  easily 
missed  if  the  sum  of  the  laser  frequencies  cannot  be  made  to  equal  the 
resonant  frequency  with  sufficient  precision.  Some  laser  systems  do 
intrinsically  possess  sufficiently  precise  resettability  to  allow  an  ex¬ 
perimenter  to  set  them  to  the  exact  transition  frequency,  but  the  widely 
tunable  dye  lasers  and  parametric  oscillators  do  not.  Thus  a  well  calibrat¬ 
ed  monochromator  with  considerable  resolution  is  a  necessary,  if 
subsidiary,  piece  of  equipment  in  a  Doppler-free  two-photon  absorption 
experiment.  The  best  grating  instruments  when  carefully  used  can 
determine  a  laser’s  frequency  only  to  within  3  GHz.  With  Doppler-free 
resonances  as  narrow  as  10  MHz,  a  patient  and  systematic  search 
procedure  becomes  necessary  to  find  the  resonance  within  the  band 
determined  by  the  monochromator. 

When  a)l—a>2  and  a  single  laser  frequency  is  used,  a  Doppler- 
broadened  component  will  appear  in  the  two-photon  absorption 
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spectrum.  This  rather  broad  peak  may  be  strong  enough  to  facilitate  the 
search  procedure,  but  it  may  inhibit  the  experiment  proper.  In  the  case 
of  transitions  between  atomic  S  states,  the  broadened  component  may  be 
eliminated  by  choosing  a  circular  polarization  condition  in  which 
photons  in  the  interacting  beams  have  opposite  spin  projections  on  the 
propagation  axis.  Thus  the  beam  entering  the  cell  from  the  top  must  be 
circularly  polarized  by  a  quarter-wave  plate  at  B ,  and  the  spin  of  the 
returning  photons  can  be  reversed  by  forcing  them  to  propagate  twice 
through  another  quarter-wave  plate  placed  between  the  cell  and  the 
return  mirror  or  corner  cube.  Atomic  S  to  S  transitions  cannot  absorb 
two  photons  with  the  same  spin  projection,  and  this  property  can  be 
employed  to  identify  such  transitions  among  other  lines  due  either  to 
S-D  transitions  or  contaminant  molecules. 

The  Doppler-broadened  component  should  have  half  of  the  integrated 
intensity  of  the  narrow  resonances  in  a  properly  aligned  experiment, 
even  without  polarization  selection.  If  this  nonseiective  excitation 
presents  a  problem  in  the  case  of  S-D  transitions  or  molecular  lines, 
circular  polarization  will  not  help,  but  another  strategem  for  removing 
it  exists.  This  technique  involves  using  two  laser  frequencies  which  sum 
to  the  desired  transition,  but  which  cannot  separately  excite  it  because 

\AE/h-2(D2\>a)2{kT/mc2)112  and  \AE/h  —  2a)1\pco1(kT/mc2)112  . 

The  complexity  of  a  laser  system  which  produces  two  distinct 
frequencies  is  warranted  in  experiments  which  require  a  nearly  resonant 
intermediate  state  to  enhance  an  otherwise  weak  two-photon  cross 
section,  or  to  observe  features  characteristic  of  the  intermediate  resonance. 
Small  cross  sections  occur  in  a  variety  of  contexts  in  both  atomic  and 
molecular  systems.  In  particular,  transitions  among  vibrational  levels, 
transitions  involving  quadrupole  matrix  elements,  and  spin  forbidden 
transitions  are  generally  too  weak  to  observe  without  an  intermediate 
state  with  energy  close  to  that  of  one  photon.  However,  a  multifrequency 
laser  system  allows  one  to  tune  one  of  the  two  absorbed  frequencies 
within  a  few  Doppler  widths  of  an  intermediate  energy  level,  and  thereby 
enhance  the  cross  section  for  multiquantum  absorption  by  a  factor  of 
108  [8.19].  The  possibility  of  such  resonant  enhancement  also  encourages 
the  search  for  absorption  phenomena  involving  three  or  more  photons 
and  from  which  Doppler  broadening  may  be  eliminated. 

The  cross  section  for  a  resonantly  enhanced  two-quantum  transition 
can  be  fully  comparable  to  that  of  an  allowed  single-quantum  absorption. 
With  presently  available  lasers,  one  can  produce  significant  populations 
of  selected  highly  excited  states  by  this  technique  and  study  the  chemical 
and  physical  properties  of  such  highly  excited  species.  Properly  done, 
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such  nonlinear  excitation  need  not  result  in  populating  undesired 
intermediate  energy  levels  or  levels  near  the  desired  final  state.  Thus 
direct  nonlinear  excitation  may  in  some  cases  be  superior  to  the  stepwise 
excitation  techniques  presently  employed  to  reach  high-lying  energy 
levels  [8.19], 

Another  technique  which  enhances  both  the  absorption  signal  and 
the  resolution  is  to  place  the  nonlinearly  absorbing  medium  inside  a 
confocal  interferometer  cavity.  The  optical  intensity  inside  such  a  cavity 
is  enhanced  over  that  incident  from  the  outside  by  a  factor  of  T/(T  +  A)2 
where  T  is  the  transmission  coefficient  of  the  partially  reflecting  mirrors 
and  A  is  the  single-pass  loss  due  to  absorption  in  the  cavity.  This  increase 
in  the  field  intensity  occurs  only  when  the  frequency  of  the  incident  light 
coincides  with  a  resonance  of  the  interferometer  cavity  within  the  latter’s 
resolution;  otherwise,  the  field  intensity  inside  the  interferometer  is 
reduced  below  that  of  the  incident  beam  by  a  factor  of  T. 

This  frequency  selectivity  can  be  used  to  improve  the  resolution  of  a 
nonlinear  spectroscopy  experiment  beyond  the  limit  set  by  the  laser  system. 
If  the  sample  cell  is  equipped  with  low  loss  windows,  an  interferometer  res¬ 
olution  of  better  than  20  MHz  can  be  readily  achieved.  The  free  spectral 
range  of  this  cavity  (FSR  =  C/AL)  should  be  chosen  larger  than  the  expect¬ 
ed  linewidth  of  the  incident  beam  in  order  to  avoid  spurious  secondary 
resonances.  Thus  a  laser  system  with  a  resolution  of  150  MHz  requires  an 
interferometer  of  length  50  cm  or  less.  The  diameter  of  the  TEM00  mode 
of  this  cavity  at  the  entrance  mirror  will  be  0.5  mm,  and  a  damage 
resistant  reflective  coating  should  survive  many  50  kW  incident  pulses. 
To  scan  over  a  narrow  resonance  using  this  interferometer  scheme,  one 
must  translate  one  mirror  of  the  resonator  containing  the  sample.  If  the 
length  of  the  scan  exceeds  the  linewidth  of  the  laser,  the  tuning  elements 
of  the  laser  must  be  scanned  synchronously  with  the  interferometer. 

While  a  confocal  interferometer  cavity  has  the  advantage  that  all  of 
the  transverse  modes  are  degenerate,  it  has  the  disadvantage  that  the 
minimum  spot  size  within  it  is  comparatively  large  [8.49].  Thus  the  focal 
region  essentially  fills  the  interferometer,  making  it  difficult  to  collect 
signals  emitted  from  the  entire  region  of  maximum  excitation.  A  more 
nearly  spherical  resonator  geometry  will  have  a  tighter  focus  at  its 
center  for  the  same  overall  cavity  length,  but  will  present  more  alignment 
difficulties.  To  avoid  instabilities,  any  interferometer  must  necessarily  be 
isolated  from  the  laser  oscillator. 

The  ultimate  precision  and  resolution  of  a  multiquantum  absorption 
experiment  is  limited  by  a  number  of  phenomena.  Residual  Doppler 
effect,  and  the  uncertainty  principle  have  already  been  mentioned.  To 
these  should  be  added  transit  time  effects  familiar  from  saturated  absorp¬ 
tion,  collision  broadening,  and  a  group  of  phenomena  collectively 
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termed  nonlinear  power  broadening.  These  latter  effects  are  especially 
troubling  since  the  line  between  adequate  signal  and  excessive  broadening 
can  be  quite  narrow  in  nonlinear  experiments. 

The  most  familiar  source  of  power  broadening  is  saturation,  which 
occurs  whenever  the  incident  laser  intensities  are  sufficiently  strong  to 
equalize  the  populations  of  the  two  states  connected  by  the  nonlinear 
transition.  This  effect  broadens  lineshapes  symmetrically  in  a  manner  anal¬ 
ogous  to  the  linear  case.  Less  familiar  in  optical  spectroscopy  is  the  light 
shift,  which  results  from  a  perturbation  of  the  energy  levels  themselves  as  a 
result  of  the  intense  optical  fields.  Equations  (8.13, 18,  19)  show  that  this 
effect  is  proportional  to  the  intensity,  while  the  multiquantum  absorption 
signal  is  proportional  to  the  square  of  the  intensity.  Thus  light  shifts  can 
never  be  entirely  eliminated.  While  this  effect  merely  shifts  the  energy 
levels  when  the  optical  fields  are  uniform  in  space  and  time,  it  results  in 
an  asymmetric  broadening  in  the  more  common  case  where  the  laser 
intensities  vary.  Whenever  the  fields  are  weak,  the  shift  and  the  absorption 
are  both  small,  but  when  the  fields  are  strong,  both  the  unidirectional 
shift  and  the  nonlinear  absorption  signal  increase.  There  are  also  intrinsic 
line-broadening  phenomena  which  result  from  the  interaction  of  large 
uniform  optical  fields  with  atomic  and  molecular  systems  which  must  be 
included  in  any  calculation  of  the  nonlinear  power-broadening  cross 
section. 

These  effects  which  degenerate  the  resolution  and  precision  of  a 
nonlinear  spectroscopy  experiment  are  best  handled  by  increasing  the 
diameter  of  the  region  where  the  optical  fields  interact  with  the  sample. 
The  reduction  in  signal  due  to  the  decreased  intensity  is  thus  partially 
compensated  by  an  increase  in  the  sample  volume.  Experiments  must  be 
performed,  however,  with  the  incident  intensity  attenuated  by  various 
amounts  in  order  to  ensure  that  the  nonlinear  power  broadening  is 
truly  under  control. 

A  variety  of  interferometric  and  heterodyne  techniques  has  been 
developed  to  determine  the  absolute  frequencies  and  scanning  rates  of 
tunable  laser  systems.  The  accuracy  of  this  calibration  step  may  determine 
the  precision  of  the  entire  experiment.  The  frequency  calibration  should 
be  performed  simultaneously  with  the  main  experiment  in  order  to 
avoid  relying  upon  a  potentially  unreproduceable  internal  standard. 
When  an  on-line  computer  is  available,  the  frequency  information  can 
often  be  recorded  on  a  pulse  by  pulse  basis.  Otherwise,  some  sort  of 
average  frequency  scale  must  be  included  in  the  experimental  data  along 
with  a  measurement  of  the  nonlinear  absorption  signal  and  the  laser 
intensities. 

The  experimental  techniques  reviewed  here  may  sound  rather 
involved,  but  there  has  been  a  wide  variety  of  high  resolution  nonlinear 
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spectroscopy  experiments  reported  since  the  first  demonstration  of  the 
effect.  Most  of  the  sophisticated  apparatus  developed  for  previous  high- 
resolution  techniques  is  directly  applicable  to  Doppler-free  multi¬ 
quantum  absorption,  and  the  technological  difficulties  encountered  are 
no  worse.  A  new  class  of  experimental  investigations  is  thus  opened  to 
the  laser  spectroscopist. 


8.4  Experimental  Results 

8.4.1  Early  Experimental  Confirmation  of  Doppler-Free 
Two-Photon  Absorption 

Doppler-free  two-photon  absorption  was  first  demonstrated  in  sodium 
vapor.  Of  the  three  earliest  experiments,  two  used  the  technique  discussed 
here  [8.6,  7]  to  resolve  the  hyperfine  splitting  of  the  3S->5S  two-photon 
transition,  and  the  third  resolved  the  fine  structure  of  the  3S  —  4D  transi¬ 
tion  by  crossing  the  laser  beam  with  a  well-collimated  atomic  beam  [8.9]. 
The  cross  sections  of  both  of  these  transitions  for  two  equal  quanta  are 
large  as  the  3 P  levels  of  sodium  lie  nearly  half  way.  Since  the  3 P  term 
dominates  the  sum  in  (8.11),  the  unknown  signs  of  other  terms  affect  the 
size  of  the  cross  section  rather  little.  Thus  the  early  experimenters  could 
accurately  estimate  the  expected  signals,  as  all  pertinent  matrix  elements 
are  well  known  [8.1 1],  The  quantum  energies  axe  not  so  near  the  3S—3P 
transition,  however,  that  resonant  effects  alter  the  two-photon  selection 
rules.  All  three  experiments  detected  multiquantum  absorption  events 
by  observing  fluorescence  due  to  the  decay  cascade  of  the  excited  state, 
and  all  employed  rhodamine  6Gdye  laser  sources. 

The  Na23  nucleus  has  spin  I  —  3/2,  and  it  interacts  with  the  spin  of  the 
unpaired  electron  by  means  of  a  magnetic  hyperfine  Hamiltonian 
3ri?=AI-S  which  applies  to  S-states.  The  splitting  of  the  F  =  2  and  F=  1 
hyperfine  levels  of  an  S-state  is  thus  2 AnS/h  in  frequency  units.  The 
selection  rules  for  the  transition  result  in  two  absorption  lines  separated 
by  Av=--(A3S  —  AnS)/h  where  Av  is  the  required  shift  of  the  laser  frequency 
to  move  from  one  hyperfine  component  to  the  other.  While  the  ground 
state  hyperfine  splitting  is  well  known  for  sodium,  the  splittings  of  the 
5 S  and  6 S  states  were  first  measured  using  the  Doppler-free  two -photon 
technique. 

The  phenomenology  thus  predicted  for  the  3S-^5S  two-quantum 
transitions  agrees  with  the  experimental  results  in  Fig.  8.8.  When  the 
vapor  is  excited  by  a  linearly  polarized  traveling  wave,  only  a  Doppler- 
broadened  profile  is  seen.  When  a  second  linearly  polarized  beam 
propagating  in  the  opposite  direction  overlaps  the  first,  two  narrow 
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Fig.  8.8.  Two-photon  absorp¬ 
tion  signal  on  the  3S-+5S 
transition  of  atomic  Na23.  The 
experimental  traces  record  the 
observed  resonance  fluores¬ 
cence  intensity  at  330  nm 
(4P-3S  transition),  following 
the  two-photon  absorption 


peaks  appear  superimposed  upon  the  former  component.  If  a  single  A/4 
plate  is  employed  to  give  both  beams  the  same  photon  spin  projection, 
the  fluorescence  signal  entirely  disappears.  If  the  spin  of  one  of  the  beams 
is  reversed  with  a  second  A/4  plate,  the  unbroadened  components 
reappear,  but  the  Doppler  background  is  suppressed. 

The  ratio  of  the  intensity  of  the  F  —  2  to  that  of  the  F=  1  line  is  5:3, 
from  the  statistical  weights  of  the  F-states  in  the  3 S  ground  level.  From 
the  separation  of  the  doublet,  one  can  calculate  a  value  of  Ass/h  — 
78  ±5  MHz  for  the  hyperfme  interaction  constant  in  the  5S-state.  This 
number  is  in  good  agreement  with  theoretical  predictions  ([8.51])  and 
with  subsequent  data  from  a  cascade  pumping  experiment.  The  line- 
widths  of  the  narrow  components  in  Fig.  8.8  result  from  the  uncertainty 
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Fig.  8.9.  Zeeman  effect  of  the  two-photon 
3S-+5S  transition  in  the  Na23  atom.  The 
verticals  indicate  the  theoretically  calculated 
line  positions  and  their  relative  strength 
(after  Bloembergen  et  al.  [8.18]) 


principle  broadening  of  the  4  ns  long  laser  pulse;  the  natural  linewidths 
are  much  less. 

The  Zeeman  effect  is  readily  observable  and  the  Zeeman  splittings  of 
the  atomic  hyperfine  multiplets  are,  of  course,  well  known.  The  effect 
merits,  nevertheless,  some  attention  because  of  the  unusual  characteristics 
for  the  particular  symmetry  of  the  S^S  transition  [8.18],  These  are 
illustrated  in  Fig.  8.9.  The  nuclear  and  electron  ^-factors  in  the  initial  and 
final  states  are  the  same.  Because  of  the  selection  rules  Ams  =  Arrij  —  O,  the 
spectral  lines  become  asymptotically  independent  of  the  magnetic  field 
strength  in  the  high-field  limit.  The  spectrum  then  consists  of  four  equally 
spaced  spectral  lines  with  an  individual  separation  (1/2)(A35  — A55)h~ l, 
as  shown  at  the  bottom  of  Fig.  8.9.  The  spectrum  for  intermediate  fields, 
in  which  one  or  neither  of  hyperfine  states  is  in  the  decoupled  Paschen- 
Back  regime,  consists  of  13  components  whose  position  and  intensity 
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may  be  calculated  exactly,  as  the  eigenvalue  problem  factorizes  in  a 
number  of  two-by-two  determinants.  An  intermediate  pattern  is  shown 
in  the  middle  of  Fig.  8.9.  It  should  be  noted  that  the  spectrum  at  any  given 
field  strength  is  invariant  for  rotation  of  the  magnetic  field  with  respect  to 
the  light  beam  polarization  and  propagation  directions.  These  unusual 
features  are  characteristic  of  S-+S  two-photon  electric  dipole’ transi¬ 
tions. 

While  the  early  atomic  beam  experiment  [8.9]  employed  a  cw  dye 
laser  with  an  intrinsic  resolution  of  10  MHz,  the  achieved  experimental 
resolution  was  comparable  to  that  in  Fig.  8.8  and  9.  The  tight  focusing 
necessary  to  obtain  an  optimum  signal  in  the  thin  collimated  atomic 
beam  introduced  a  large  residual  Doppler  effect  in  that  experiment.  A 
much  higher  resolution  was,  however,  soon  achieved  for  the  3S  —  4D 
transition  by  Hansch  et  al.  [8.52],  They  used  a  cw  dye  laser  and  counter- 
propagating  beams  in  an  Na  vapor  cell.  The  Doppler-broadened  back¬ 
ground,  while  not  suppressed  by  any  selection  rule,  is  quite  negligible  to 
the  four  narrow  components,  shown  in  the  lower  trace  of  Fig.  8.10.  The 
splitting  between  the  components  with  the  same  value  of  J  corresponds 
to  the  hyperfine  splitting  of  the  3 S  ground  state.  The  splitting  between  the 
two  components  on  the  left  (or  on  the  right)  corresponds  to  the  fine 
structure  splitting  of  the  4Z)-state. 

The  phenomena  of  resonant  enhancement  and  ac  Stark  effect  were 
soon  demonstrated  by  Bjorkholm  and  Liao  in  a  series  of  experiments 
involving  two  cw  dye  lasers  [8.19,25].  The  frequency  of  one  laser  was 
adjusted  to  bring  it  close  to  the  3 S  —  3 P  doublet  in  sodium  while  the  other 
laser  was  adjusted  so  that  the  sum  frequency  scanned  over  the  3S  —  4D 
two-photon  absorption  quartet.  The  difference  in  frequency  between  the 
two  counterpropagating  beams  introduced  a  residual  Doppler  effect  of 
less  than  90  MHz. 

As  the  frequency  of  the  first  laser  approached  resonance  with  the 
3S  —  3P3/2  absorption  line,  the  cross  sections  for  the  two-photon  transi¬ 
tions  to  the  4D5/2  and  4Z)3/2  levels  were  enhanced  by  a  factor  of  108.  In 
order  to  avoid  level  shifts  and  other  spurious  effects,  the  beams  were 
expanded  and  highly  attenuated  near  the  resonance  condition.  Never¬ 
theless,  the  red-orange  decay  fluorescence  from  the  excited  D-state  was 
Nearly  observable  in  the  darkened  laboratory.  Figure  8.11  shows  that 
tne  cross  section  for  the  3S  —  4Di/2  transitions  goes  through  a  sharp 
minimum  and  is  again  enhanced  as  the  laser  frequencies  are  tuned 
to  bring  the  3 Pl/2  level  into  resonance.  Since  no  dipole  matrix  element 
connects  the  3 P1/2  and  4D5/2  states,  the  cross  section  for  two-photon 
transitions  to  the  latter  state  has  only  a  single  resonance.  The  solid  lines 
in  Fig.  8.11  are  calculated  from  (8.12)  and  adjusted  for  the  residual 
Doppler  effect  which  varies  as  the  laser  frequencies  become  more  and 
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Fig.  8.10.  Two-photon  transition  3S->4d  for  the  Na23  atom  (bottom),  and  the  Stark  shifts 
and  splittings  produced  by  a  dc  electric  field  (top).  They  are  quadratic  in  the  dc  field  strength 
(after  Harvey  et  al.  [8.23]) 


Fig.  8.11.  Resonant  enhancement  of  the  two-photon  absorption  rate;  h(a>l  +cl>2)  is  fixed  at 
the  3S(F  =  2)  —  4D3/2  or  3S  (F  =  2)  —  4D5/2  transition,  while  ho)i  is  tuned  through  the  (one- 
photon)  yellow  Na-doublet  (after  Bjorkholm  and  Liao  [8.19]) 
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Fig.  8.12.  Power-dependent 
Stark  shift  as  a  function  of 
frequency  near  the  inter¬ 
mediate  (one-photon)  reso¬ 
nance  (after  Liao  and  Bjork- 
holm  [8.24]).  Top:  Oscillo¬ 
graphs  of  the  35(F=2)-»4T>5  2 
two-photon  absorption  line. 
The  frequency  a>i  increases  to 
the  right.  The  lines  indicated 
by  the  arrows  were  obtained 
with  both  laser  beam  at  low 
power  level  (<  3  mW).  The 
shifted  line  on  the  left  is 
obtained  when  only  the  power 
at  589  nm  is  increased  to 
26  mW.  The  broadened  and 
shifted  line  on  the  right  is 
obtained  when  only  the  power 
in  the  strongly  focused  beam 
at  569  nm  is  increased  to 
30  mW.  Middle:  The  linear 
dependence  on  the  induced 
shift  with  power  (quadratic 
in  field  amplitude).  Bottom: 
The  increase  and  change  in 
sign  of  the  shift,  as  one  of 
the  frequencies  is  tuned 
through  the  3S(F  =  2)->3P3/2 
intermediate  state  resonance 


more  unequal.  On  the  wavelength  scale  of  the  insert  the  Doppler  width 
of  the  3S  —  3P  resonance  lines  is  less  than  1/100  the  diameter  of  the  solid 
circles. 

The  power-dependent  shifts  of  both  the  3 S  (F  =  2)  and  the  4 D5/2 
atomic  energy  levels  were  observed  with  the  laser  frequencies  tuned  near 
the  3P3/2  resonance  [8.25].  With  gaussian  beams,  the  optical  intensities 
cannot  be  uniform  over  the  sample,  and  thus  atoms  at  different  positions 
will  experience  different  shifts.  However,  the  laser  just  below  the  3  S  —  3  P3/2 
transition  at  589  nm  was  focused  rather  loosely  so  that  near  its  center  the 
intensity  was  rather  uniform.  The  second  beam  at  569  nm  was  focused 
tightly  in  that  region  so  that  atoms  absorbing  two  quanta  would  neces¬ 
sarily  experience  a  uniform  589  nm  illumination.  The  results  appear  in 
Fig.  8.12.  At  low  intensities  the  two-quantum  absorption  line  is  un¬ 
disturbed.  When  the  589  nm  intensity  is  increased,  the  two-photon 
transition  is  shifted  to  higher  frequencies,  indicating  a  depression  in 
energy  of  the  3 S  (F  =  2)  state.  The  line  is  also  somewhat  broadened  by 
other  effects  described  by  (8.20).  When  the  intensity  of  the  more  tightly 
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focused  beam  is  increased,  the  two-photon  transition  is  shifted  to  lower 
frequencies  and  asymmetrically  broadened  as  a  result  of  the  nonuniform 
intensity  of  the  field  creating  the  downward  shift  of  the  4 D5/2  state.  Shifts 
of  1000  MHz  were  observed  with  intensities  under  3  kW/cm2.  The  sign 
of  both  shifts  would  change,  if  the  laser  at  589  pm  would  be  tuned  just 
above  the  3S  — 3P3/2  transition. 

8.4.2  Alkali  Atom  Two-Photon  Spectroscopy 

The  success  of  the  initial  experiments  stimulated  many  investigators  to 
study  the  characteristics  of  alkali  atom  states  which  could  be  excited  by 
two-photon  absorption.  The  Doppler-free  transitions  are  so  narrow  that 
many  spectroscopic  features,  which  are  not  resolvable  in  a  Doppler- 
broadened  profile,  can  be  measured.  These  include: 

a)  Fine  structure  splittings  of  excited  ^-states, 

b)  Hyperfine  splittings  of  excited  s-states, 

c)  Isotope  shifts, 

d)  Zeeman  splittings, 

e)  Second-order  Stark  splittings  and  shifts, 

f)  Collision-induced  broadening  and  shifts. 

Some  of  these  new  results  are  tabulated  in  Table  8.2. 

The  hyperfine  splitting  of  the  3S-+5S  transition  was  remeasured  with 
greater  precision  with  a  cw  dye  laser  [8.53],  The  Zeeman  splitting  of  the 
3S->4D  level  was  also  investigated  [8.54],  The  quadratic  Stark  shift  of  the 
3S-state  and  the  quadratic  Stark  shift  and  splittings  of  the  4D-state  were 
also  investigated  in  detail  with  a  cw  dye  laser  [8.23].  The  results  of  the 
application  of  a  dc  electric  field  are  shown  in  the  upper  part  of  Fig.  8.10. 


Table  8.2.  Some  spectroscopic  results  obtained  with  Doppler-free  two-photon  absorption 


Atom  Level  HFS  FS  Isotope  Pressure  Pressure  Polarizabilities 

MHz  MHz  shift  shift  broadening  MHz/(kV/cm)2 

MHz/Torr  MHz/Torr  - 

(Ne-Na)  (Ne-Na)  a0  a2 


Na 


Rb 


5S 

76±5 

4  D 

1028  ±3 

6  S 

39  +  3 

5  D 

618±  12 

6  D 

166  ±40 

8  S 

145  +  40 

9  S 

160  ±40 

5.2+3 

'32  +  5  155.3±  1.7  -38.5±7D3/2 

156.1  +  1.3  —  53.2+5D5/2 


100 


Doppler-Free  Two-Photon  Absorption  Spectroscopy 


361 


It  should  be  noted  that  radiospectroscopy  or  coherent  quantum  beat 
techniques,  in  conjunction  with  cascade  pumping,  only  yield  Stark 
splittings,  but  not  shifts.  Schawlow  et  al.  [8.23]  were  able  to  deduce  the 
scalar  and  tensor  polarizabilities  of  the  D-states,  and  to  separate  the 
contributions  from  neighboring  p-  and  /-levels  to  the  quadratic  Stark 
effect.  From  it  they  obtained  the  oscillator  strengths  f4.d^5p=0.214{29) 
and  /4d_4/  =  0.018  85  (24). 

The  cw  dye  lasers  available  in  1974  could  not  excite  higher  levels  in 
sodium.  Studies  of  the  fine  structure  splitting  of  the  5 D  level  and  the 
hyperfme  interaction  in  the  6 S  state  were  made  with  pulsed  laser  tech¬ 
niques  [8.55],  Transitions  to  higher  lying  nS  levels,  with  n  up  to  20,  have 
been  observed.  The  small  splittings  in  these  higher  lying  states  can, 
however,  be  determined  more  accurately  with  radiospectroscopy 
[8.56,  57]  and  coherent  quantum  beat  techniques  [8.24],  in  conjunction 
with  cascade  optical  pumping. 

Fortson  and  Roberts  have  observed  Doppler-free  two-photon 
transitions  in  rubidium  vapor  with  an  optical  parametric  oscillator  as  a 
source  [8.40].  The  6 D5/2,  8 S  and  9 S  levels  were  excited  in  both  the 
Rb85  and  Rb87  isotopes.  While  the  observed  hyperfme  splittings  were 
previously  measured  with  better  accuracy  by  an  optically  pumped  radio- 
frequency  spectroscopy  technique,  neither  this  method  nor  quantum 
beat  spectroscopy  determines  the  isotope  shifts  which  are  tabulated  in 
Table  8.2. 

A  more  extensive  survey  of  the  5 transitions  in  rubidium  has 
been  reported  by  Stoicheff  [8.58],  They  used  a  cw  dye  laser  in  an 
experiment  similar  to  the  sodium  experiment  of  Hansch  [8.52]  to  resolve 
the  fine  structure  splitting  of  the  states  from  11D  up  to  30D  in  Rb85  and 
Rb87  with  a  resolution  of  20  MHz.  In  rubidium  the  fine  structure  is  not 
inverted  in  these  highly  excited  levels. 

The  observed  fine  structure  intervals  failed  to  scale  with  the  inverse 
cube  of  either  the  principal  quantum  number  or  the  effective  quantum 
number.  This  interesting  result  implies  that  arguments  based  on  simple 
scaling  laws  do  not  apply  to  the  Rydberg  states  of  even  the  heavy  alkalis. 

The  effects  of  line  broadening  and  displacement  have  been  observed 
for  the  3S  —  4D  transitions  as  a  function  of  the  partial  pressure  of  gaseous 
admixture  of  Ne  to  the  Na  vapor  by  Cagnac  and  coworkers  [8.59].  The 
effect  of  collisions  with  Ne  atoms  is  the  same  for  all  four  transitions.  The 
increase  in  total  width  for  Ne  at  20°  C  is  32  +  5  MHz/Torr,  while  the 
frequency  shift  is  —7+1  MHz/Torr.  Since  two  photons  are  absorbed  in 
the  transitions,  the  dye  laser  frequency  tuning  is  changed  by  half  of  the 
above  amounts. 

The  same  authors  [8.60]  also  observed  the  transfer  of  energy  between 
the  4 D5/2  and  4Z)3/2  levels  induced  by  the  collisions  between  Ne  and  Na 
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atoms.  One  of  D  levels  is  excited,  for  example  the  4 d2D5/2.  One  observes 
the  fluorescence  at  568.2  nm  from  the  4 d2D2/2  to  the  3p2P1/2  level.  This 
level  cannot  be  reached  directly  from  the  D5/2  state  according  to  electric 
dipole  transition  selection  rules.  The  fluorescence  at  568.8  nm  gives  the 
decay  of  the  joint  population  in  both  the  Z)5/2  and  D3/2  levels.  In  this 
manner  the  authors  were  able  to  derive  an  effective  cross  section  for 
energy  transfer 

cr5/2_3/2  =  (2.7 ± 0.9)  x  10" 14  cm2 
in  Ne-Na  collisions. 

8.4,3  Atomic  Hydrogen 

The  1S-+2S  transition  in  atomic  hydrogen  is  among  the  most  important 
in  physics,  and  it  can  be  resolved  by  the  Doppler-free  two-photon 
technique.  The  experiment  is  a  tremendous  challenge.  To  excite  the  2 S 
level,  two  quanta  of  wavelength  243  nm  are  required.  Photons  of  that 
energy  cannot  be  produced  directly  in  any  present  laser,  and  are  generated 
[8.61]  by  second  harmonic  generation  in  lithium  formate  of  a  dye  laser 
beam  at  486  nm.  The  2 S  state  is  truly  metastable  with  a  lifetime  of  0.14  s. 
That  lifetime  implies  that  the  1S-*2S  transition  frequency  can  be  measured 
to  one  part  in  1017  in  a  sufficiently  careful  experiment.  Atoms  in  the  2 S 
state  can  be  induced  to  decay  faster  via  fluorescence  at  the  Lyman  a  line 
by  collisions  with  other  atoms  or  by  an  applied  electric  field. 

Hansch  and  coworkers  have  set  out  to  tackle  this  spectroscopic 
problem  [8.33],  They  have  succeeded  in  detecting  the  Doppler-free  two- 
photon  resonance  in  atomic  hydrogen,  and  in  resolving  the  hyperfine 
doublet  for  the  F=  1->1  and  F  =  0->0  transitions.  They  also  have  com¬ 
pared  the  frequency  of  the  IS  —  2S  transition  in  hydrogen  and  deuterium 
to  that  of  the  Balmer  /?  line  at  486  nm  in  order  to  measure  the  Lamb  shift 
of  the  IS  state.  Their  experimental  setup  is  shown  in  Fig.  8.13  and  some 
early  results  in  Fig.  8.14. 

The  fine  structure  of  the  one-photon  Balmer  /?  line  can  be  resolved 
using  the  higher  resolution  of  the  saturation  spectroscopy  technique. 
Since  this  transition  has  an  energy  almost  exactly  1/4  of  that  the  1S-+2S 
line,  the  resolved  components  can  be  used  as  an  internal  frequency 
reference  for  the  laser  whose  second  harmonic  excites  the  two-photon 
transition.  Present  results  for  the  IS  hydrogen  and  deuterium  Lamb 
shifts  determined  in  this  way  are  within  1/2%  of  the  theoretical  values 
with  a  1.2%  error  bar  [8.61]. 

While  the  precision  achieved  in  these  measurements  of  the  IS  Lamb 
shift  is  less  than  that  obtained  for  the  2 S  Lamb  shift  determined  by 
microwave  techniques,  the  result  is  impressive  nonetheless.  If  the 
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MEASUREMENT  OF  THE  HYDROGEN  IS  LAMB  SHIFT 


Fig.  8.13.  Diagram  of  experimental  apparatus  to  measure  1S-2S  two-photon  transition 
in  hydrogen  (after  Hansch  et  al.  [8.33]) 

theoretical  value  of  the  IS  Lamb  shift  were  assumed  correct,  a  Doppler- 
free  two-photon  absorption  experiment  on  the  IS  —  2S  transition  in 
hydrogen  with  the  present  resolution  would  improve  the  accuracy  of  the 
Rydberg  by  another  order  of  magnitude.  Ultimately  lasers  with  less  line- 
width  and  frequency  jitter  will  allow  such  measurements  to  approach 
the  theoretical  maximum  precision. 


8.4.4  Molecules  and  Complex  Atoms 

Excited  electronic  states  with  the  same  parity  as  the  ground  state  have 
first  been  studied  by  two-photon  absorption  in  molecules  without  the 
Doppler-free  feature  [8.62],  The  first  Doppler-free  resonance  of  this  sort 
was  observed  in  Na2  by  Schawlow  et  al.  [8.63],  The  concentration  of 
this  molecule  in  the  cell  of  atomic  sodium  was  quite  small.  Still,  the 
incident  laser  intensity  fell  close  enough  to  some  intermediate  state  in  the 
molecule  to  enhance  the  two-photon  absorption  cross  sections  of  a  few 
lines  to  the  point  where  they  could  be  detected.  The  familiar  splitting  due 
to  the  ground  state  hyperfine  interaction  in  atomic  sodium  was  entirely 
absent. 

Further  studies  of  this  sort  are  continuing,  with  emphasis  on  simple 
molecules  like  NO  and  molecules  with  high  symmetry  like  C6H6.  The 


103 


364 


N.  Bloembergen  and  M.  D.  Levenson 


-10  0  10  20 
DYE  LASER  FREQUENCY  DETUNING  (GHz) 

Fig.  8.14.  (a)  Absorption  profile  of  the  deuterium  Balmer-/?  line  with  theoretical  fine 
structure,  (b)  Simultaneously  recorded  two-photon  resonance  of  deuterium  ls-2s  (after 
Hansch  et  al.  [8.33]) 


many  closely  spaced  levels  which  must  be  resolved  require  unusually 
narrow  laser  linewidths  and  powerful  data  analysis  techniques  [8.61]. 

Multiquantum  transitions  between  vibrational  and  rotational  levels 
of  a  molecule  have  been  observed  in  the  infrared.  While  the  cross  sections 
for  Av=\  transitions  are  quite  small  because  of  parity  selection  rules, 
those  of  Av  —  2  transitions  are  acceptably  large.  The  signal  level  may  also 
be  enhanced  if  an  allowed  Au=\  transition  frequency  is  nearly  equal  to 
the  frequency  of  one  of  the  incident  laser  beams.  The  first  experiment  of 
this  sort  was  reported  by  Bischel  et  al.  in  methyl  fluoride  [8.43],  The 
infrared  transition  from  the  vibrational  ground  state  to  the  doubly 
excited  v3  vibration  was  observed.  Use  was  made  of  the  near  coincidence 
of  the  P(14)  line  of  a  C02  laser  at  9.6  pm  with  the  R{  1,  l)0-> v3  funda¬ 
mental  band  of  the  CH3F  molecules,  and  the  P(30)  line  of  an  oppositely 
directed  C02  laser  beam,  also  near  9.6  pm,  with  the  R( 2,  l)v3-»2v3  hot 
band.  The  small  amount  of  continuous  tuning  needed  could  be  provided 
by  a  dc  Stark  field  applied  to  the  CH3F  cell.  The  experimental  arrange¬ 
ment  was  described  in  Section  8.2  and  a  schematic  of  the  apparatus  and 
pertinent  molecular  energy  levels  is  given  in  Fig.  8.15.  It  is  clear  that  there 
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is  near  resonance  with  the  intermediate  level  represented  by  the  first 
excited  vibrational  state.  There  is  no  Doppler  background,  because  the 
frequency  difference  between  the  two  opposing  infrared  beams  is  suf¬ 
ficiently  large  that  two-photon  absorption  from  a  single  beam  is  off- 
resonance. 

Bischel  et  al.  were  able  to  measure  the  linewidth  and  line  shift  of  the 
Doppler-free  line  as  a  function  of  pressure.  They  found  that  the  collisions 
between  two  methyl  fluoride  molecules  introduce  a  line  broadening  of 
41.3 ±  1.0  MHz/Torr,  and  a  positive  (“blue’')  frequency  shift  of  2.1  ±0.1 
MHz/Torr.  Addition  of  helium  gas  led  to  a  broadening  coefficient  of 
5.0 ±0.5  MHz/Torr  for  helium-CH3F  collisions.  Accurate  Stark  shifts 
and  selection  rules  could  also  be  determined. 

This  same  group  also  discovered  strong  two-photon  absorption 
signals  in  NH3  [8.64],  The  transition  between  the  (v2,  J,  K)  —  (0~,  5,  4) 
state  and  the  (1 +  ,  5,  4)  state  of  the  v2  band  falls  near  the  P(34)  line  of  the 
10.6  pm  C02  laser  band  while  the  (1 +,  5,  4)->(2_,  5, 4)  line  is  nearly 
coincident  with  the  P(18)  C02  line.  Thus  the  (0±  5, 4)->(2~,  5,  4)  two- 
photon  transition  can  be  excited  by  these  laser  frequencies  when  suf¬ 
ficient  tuning  of  the  molecular  resonance  is  achieved  with  the  dc  Stark 
effect.  The  strong  signals  obtained  (40  times  that  observed  in  CH3F) 
permitted  detailed  studies  of  the  effects  of  collisions  and  of  high  optical 
intensities. 

Bischel  et  al.  measured  pressure  broadening  coefficients  for  NH3  due 
to  self-broadening  and  due  to  the  foreign  gases  He,  Ne,  Xe,  H2,  and  D2. 
In  the  case  of  Ne,  a  pressure  shift  in  the  center  frequency  was  also  ob¬ 
served.  The  difference  in  the  laser  frequencies  leads  to  a  residual  Doppler 
effect  at  low  pressures.  At  high  pressures,  the  observed  linewidth  is 
entirely  due  to  collisions,  and  in  between  the  phenomenon  of  Dicke 
narrowing  [8.65]  might  be  expected.  A  70  kHz  narrowing  of  the  resonance 
was  in  fact  observed  at  an  Ne  pressure  of  80mTorr. 

The  frequency  of  the  two-photon  transition  was  also  measured  ac¬ 
curately  as  1876.991493  ±  (3)  cm-1  at  low  intensities.  At  high  intensities 
the  optical  level  shifts  discussed  previously  lead  to  a  measurable  change 
in  the  center  frequency  of  the  resonance.  By  separately  varying  the 
intensities  of  the  applied  fields,  these  authors  measured  the  transition 
dipole  moment  for  the  v2  =  l  +  -+2~  vibrational  hot  band.  The  obtained 
value  of  p(l  +  -*2~)  =  0.27±0.5D  is  larger  than  that  of  the  analogous 
transition  from  the  ground  state.  An  estimate  was  also  made  in  the  course 
of  this  calculation  of  the  transition  matrix  element  between  the  inversion 
levels  in  the  excited  vibrational  state  to  be  p(2~<~±2+)  =  0.83  ±0.08/). 
These  results  demonstrate  the  value  of  the  optical  level  shift  in  the 
accurate  measurement  of  transition  matrix  elements,  especially  matrix 
elements  between  excited  states.  This  method  avoids  the  difficulties  in 
measuring  small  absorptions  and  estimating  the  populations  of  the  states 
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involved.  With  more  widely  tunable  infrared  lasers,  many  studies  of  this 
type  will  be  undertaken. 

Doppler-free  two-photon  studies  of  complex  atoms  (such  as  the  noble 
gases)  have  been  hindered  somewhat  by  the  large  energy  differences 
between  the  ground  and  first  states.  Biraben  et  al.  circumvented  this 
difficulty  by  populating  the  3s(3/2)  J  —  2  metastable  level  in  neon  by 
means  of  an  rf  discharge  [8.66].  Fluorescence  resulting  from  the  decay  of 
atoms  excited  into  the  4d'(5/2)J  =  2  state  by  two-photon  absorption 
could  be  observed  whenever  the  rf  field  was  briefly  extinguished.  The 
isotope  shifts,  £(22Ne)  — £(2ONe)  =  2780.0±2.5  MHz  and  £(21Ne)- 
£(20Ne)  =  1452  +  6  MHz,  were  measured  as  were  the  hyperfine  constants 
for  the  upper  state:  A=  —235.9  +  0.6  MHz,  £=11  ±9  MHz,  using  a 
single-mode  cw  dye  laser.  The  great  technological  interest  in  separating 
the  isotopes  of  remarkably  complex  atoms  should  stimulate  more  studies 
of  this  sort  in  the  months  and  years  ahead. 

8.4.5  Conclusion 

The  results,  obtained  since  the  first  successful  experiments  on  Doppler- 
free  two-photon  spectroscopy  were  first  announced  early  in  1974,  are 
sufficiently  promising  to  forecast  a  rapid  further  growth  of  this  field, 
which  in  some  respects  complements  other  high-resolution  techniques 
described  elsewhere  in  this  volume.  Several  new  results  in  atomic 
spectroscopy  have  been  obtained.  Numerous  highly  excited  levels  of 
many  atoms  and  molecules  can  be  investigated  in  high  resolution. 
Chemical  applications  in  the  field  of  molecular  spectroscopy  appear 
particularly  promising,  and  their  exploitation  has  scarcely  begun. 
Doppler-free  processes  involving  more  than  two  photons  have  not  yet 
been  carried  out,  but  are  definitely  feasible.  Levels  near  and  beyond  the 
ionization  limit  may  be  investigated  with  this  technique.  In  fact,  three  or 
multiphoton  ionization  via  a  two-photon  Doppler-free  resonance  with  a 
bound  excited  state  may  prove  to  be  a  valuable  detection  technique  to 
establish  the  two-photon  resonance  condition.  The  high  resolution 
permits  the  establishment  of  isotopic  shifts.  The  possible  usefulness  of 
two-photon  spectroscopy  in  isotope  separation  schemes  has  been 
discussed  by  Kelley  et  al.  [8.67-69]. 
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1.  Introduction 


The  general  framework  for  describing  the  large  variety  of  nonlinear  optical 
phenomena  caused  by  an  electric  polarization  cubic  in  the  electric  field 
amplitudes 

Pi/W4’~^  2  XijkJL(“W4'UJl,“W2,u,3)Ej  (w1)E£(w2)EJl(<V  ^ 

exp[i(k^-  k^  +  k^)»r  -  ico^t]  +  c.c. 

was  introduced  in  1962.  In  media  with  inversion  symmetry  this  is  the  lowest 
order  nonvanishing  electromagnetic  response.  This  nonlinearity  describes  a 
coupling  between  four  electromagnetic  waves  [1].  In  general,  each  of  the 
four  waves  has  its  own  frequency,  wave  vector  and  polarization  direction. 

The  polarization  vectors  are  denoted  by  e  ,  e2,  e3  and  e4,  respectively,  and 
the  nonlinear  scalar  coupling  coefficients 
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are  introduced.  With  the  wave  vector  mismatch  Akz  =  kj-  k2  +  k  -  k^ ,  the 
four  coupled  complex  amplitude  equations  take  the  form 
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In  many  important  cases  two  (or  more)  of  the  waves  may  be  degenerate  in 
frequency,  and/or  wave  vector,  and/or  polarization.  The  coupling  is  espe¬ 
cially  strong  if  the  conditions  of  energy  and  momentum  conservation  are 
satisfied. 
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and  k,  =  k,  -  k_  +  k 
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In  general,  the  nonlinear  susceptibility  x^  Is  a  fourth-rank  tensor,  and 
has  81  tensor  elements  This  number  is,  of  course,  drastically  reduced 

by  symmetry.  For  example,  in  the  cubic  symmetry  2T3m  ,  there  are  only  four 
independent  elements.  In  an  isotropic  fluid  there  are  only  three.  These 
numbers  may  be  further  reduced  by  frequency  degeneracies.  Each  element  of 
consists  of  a  sum  of  48  terms.  Explicit  expressions  for  these  have  been 
published  [2],  and  each  term  has  a  typical  form,  with  three  resonant  factors 
in  the  denominator 
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+  47  other  terms 


(4) 


where  N  is  the  number  of  particles  per  unit  volume,  y  ^  is  the  electric 
dipole  matrix  between  states  g  and  k,  etc.,  is  the  energy  difference 

between  this  pair  of  states,  and  F,  is  the  damfing  of  the  off-diagonal  ele¬ 
ment  of  the  density  matrix,  corresponding  to  the  homogeneous  width  of  the 
one-photon  transition. 


The  different  terms  are  distinguished  by  the  time  ordering  of  the  photon 
creation  and  annihilation  processes  and  the  damping  mechanism.  The  evolution 
of  the  density  matrix  operator  can  be  obtained  from  standard  higher  order 
time-dependent  perturbation  theory.  S.  Y.  YEE  and  coworkers  [3,4]  have  ap¬ 
plied  a  diagrammatic  approach  which  facilitates  a  systematic  accounting  of 
the  various  terms.  It  is  important  to  consider  separately  the  evolution  of 
<bra|  and  |ket>  state  functions,  since  the  material  system  is  also  subjected 
to  random  interactions  which  lead  to  damping.  Therefore  each  term  of  X'3' 
becomes  a  complex  quantity.  It  is  often  possible  to  single  out  one  or  several 
resonant  terms  in  x^  and  lump  the  remaining  terms  in  a  nonresonant  contribu¬ 
tion. 


Various  examples  in  Fig.l  include  the  nonresonant  process,  two-photon 
resonant  processes,  and  combinations  of  one-photon  and  two-photon  resonant 
processes.  Terms  resonant  at  the  combination  frequencies,  oj x  —  co2  ,  u)3~  u)2 
and  1^+  oj3,  correspond  to  Raman  type  processes  and  two-photon  absorption, 
respectively.  If  there  are  no  one-photon  resonant  terms,  then  x^  maY 
written  as 
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Fig . 1  Various  resonant  situations  of  light  generation  at  the  combination 
frequency  oj4  =  Wj-  w0  +  ta3  by  a  material  system  in  the  ground  state  |g> 

(a)  nonresonant  parametric  mixing  (b)  two-photon  absorption  resonant  mixing 
(c)  Coherent  Antistokes  Resonant  Scattering  (CARS)  (d)  one-photon  resonant 
CARS  (e)  all  four  one-photon  transitions  are  resonant 

The  observed  generated  intensity  at  0)4  is  proportional  to  ]  |  ^  •  Here 

and  are  resonant  frequencies  for  a  Raman  transition  and  is  the 

energy  of  an  excitation  reached  by  a  two-photon  absorption  process.  Far  away 
from  any  resonance  it  is  correct  to  describe  this  as  a  parametric  process  in 
which  one  quantum  each  at  to x  and  co2  is  destroyed,  and  one  quantum  each  is 
added  to  the  beams  at  U)3  and  co4  .  Exactly  at  a  Raman  resonance  u^-  u)2  ~ 
a  different  language  is  more  appropriate.  The  imaginary  part  of 
to2 ,  — oj 3 )  should  be  considered  as  an  interference  term  in  the  Raman  transition 
probability  between  the  two  states  with  energy  difference  This  transi¬ 

tion  can  be  accomplished  by  the  absorption  of  %A.  and  the  emission  of  ?k02 
but  also  by  the  absorption  of  and  the  emission  of  fu^> 3.  This  point  has 

also  been  noted  by  TARAN  [5,6],  but  was  not  taken  into  account  in  the  analysis 
by  ANDERSON  [7] . 

Recently,  experimental  attention  has  also  been  devoted  to  one-photon  reso- 
nant  terms  in  yj  .  In  that  case  the  medium  becomes  absorbing  at  one  or  more 
of  the  frequencies  u^,  oj2  ,  a)  and  w4  .  One  may  distinguish  situations  in 
which  two  or  even  three  factors  in  the  denominator  are  simultaneously  reso¬ 
nant.  The  simultaneous  occurrence  of  a  one-photon  resonance  and  a  Raman 
resonance  leads  to  coherent  resonant  Raman  scattering  and  resonant  CARS. 

Furthermore,  a  variety  of  distinct  polarization  geometries  must  be  con- 
sidered.  The  various  nonresonant  and  resonant  terms  in  X'  will  exhibit  dif¬ 
ferent  tensorial  properties.  Consequently  the  polarization  properties  of 
the  light  generated  at  co4  will.  depend  not  only  on  the  polarization  directions 
of  the  incident  beams  at  up  oj0  and  co3,  but  also  on  the  frequencies.  This 
is  exploited,  for  example,  in  nonlinear  ellipsometry  by  AKHMANOV  and  coworkers 
[8]  and  also  in  the  Raman  Induced  Kerr  Effect  Scattering  [9]  and  polarization 
spectroscopy  [10]. 

While  the  general  framework  sketched  above  is  quite  compact,  it  describes 
a  rather  bewildering  array  of  phenomena,  because  of  the  many  variations  of¬ 
fered  by  different  combinations  of  frequencies,  wave  vectors  and  polarization 
directions.  Fortunately,  a  number  of  excellent  reviews  have  been  published. 
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A  concise  general  survey  of  nonlinear  optics  has  been  given  by  SHEN  [11]. 
Nonlinear  spectroscopy,  in  atoms  and  molecules  and  especially  crystals,  was 
the  topic  of  an  E.  Fermi  Summer  School  Proceeding  [12].  An  excellent  review 
of  coherent  Raman  spectroscopy  was  recently  prepared  by  LEVENSON  and  SONG 
[10],  Coherent  Antistokes  Raman  Scattering  has  been  reviewed  by  TARAN,  and 
others  at  recent  conferences  [5,6]. 

In  the  remainder  of  this  paper  a  few  examples  will  be  taken  from  recent 
work  on  atomic  vapors  and  molecular  fluids.  The  choices  are  rather  arbi¬ 
trary,  but  serve  to  illustrate  the  close  relationship  between  many  different 
investigations.  The  reader  will  probably  recognize  how  a  large  part  of  the 
material  presented  at  this  conference  fits  into  this  general  framework.  Since 
much  attention  has  recently  been  devoted  to  phase  conjugation,  the  case  of 
four-wave  mixing  with  degenerate  frequencies  is  discussed  in  the  next  section. 
The  last  section  will  concentrate  on  interference  and  damping  effects  in 
coherent  resonant  Raman  scattering  and  CARS. 

2.  Degenerate  Four-Wave  Mixing 

Consider  the  nonlinear  polarization  in  the  case  that  all  four  waves  have  the 
same  frequency  [13].  The  nonlinear  susceptibility  *(-kj»w,-u),w)  becomes  com¬ 
plex  in  the  vicinity  of  a  one-photon  resonance  at  u),  or  a  two-photon  reso¬ 
nance  at  2w. 

f,\ 

Off  resonance  the  real  part  of  y  (— co ,to ,  — ,to)  represents  an  intensity 

aXXX 

dependent  index  of  refraction.  Self-focusing  and  self-defocusing  in  alkali 
metal  vapors  has  been  studied  extensively.  The  real  part  of  X  ^3>  — co ,oo ,  — co ,co) 
leads  to  the  self-induced  Kerr  effect  [14],  which  has  been  used  extensively 
in  polarization  spectroscopy  during  the  past  few  years. 

Near  a  one-photon  resonance  at  U),  the  (negative)  imaginary  part  £lvv 

aXXX 

( —co , co ,  —co , co )  describes  "incipient"  saturation.  Near  a  two-photon  resonance 
at  2(i),  the  (positive)  imaginary  part  describes  two-photon  absorption. 

A  standing  wave  pattern  occurs  when  two  light  waves  at  the  same  frequency 
have  pair-wise  equal  and  opposite  wave  vectors,  as  shown  in  Fig. 2,  the  con¬ 
figuration  used  in  phase  conjugate  generation  results  [16,17].  In  the  pres¬ 
ence  of  the  strong  standing  wave  pattern  produced  by  the  pump  waves  with  kj 
and  k3  =  -kj ,  an  incident  wave  k2  gives  rise  to  a  wave  k^  =  -k2 .  Furthermore, 
the  field  amplitude  of  this  backward  wave  is  proportional  to 

/  n  \  ^ 

E^  «  x  (-o,ii),-u),(i))  E^  E£  E^ 

Thus  the  phase  k  •  r  +  is  equal  and  opposite  to  the  phase  k2*  r  +  4>2 . 

The  backward  wave  4  equals  the  time  reversed  incident  wave  2.  Thus,  all 
wave  front  aberrations  that  the  wave  2  may  have  undergone  will  be  corrected 
in  wave  4.  The  effect  may  also  be  understood  in  terms  of  real-time  holo¬ 
graphic  reproduction.  The  waves  1  and  2  create  an  interference  pattern. 

Off  resonance  this  is  an  index  phase  grating,  but  for  (1)  on  a  sharp  material 
resonance,  it  may  be  considered  as  a  modulation  of  the  absorption  coefficient 
by  saturation.  Wave  3  diffracts  from  this  grating  to  construct  the  "phase 
conjugate  image"  4.  The  same  wave  is  also  created  by  diffraction  of  beam  1 
from  the  grating  produced  by  the  interference  patterns  of  beams  2  and  3.  The 
two  diffraction  gratings  have  a  different  spacing,  and  they  may  decay  with 
different  time  constants- by  diffusion.  This  may  be  verified  experimentally 
by  using  time  resolved  geometry  witli  a  variable  delay  between  the  pulsed 
waves,  and  by  giving  beams  1  and  orthogonal  polarizations  [18]. 
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Fig. 2  Degenerate  four-wave  mixing,  used  as  in 
phase  conjugate,  frequency  selective  reflection 


The  effect  has  been  observed  at  visible  and  infrared  frequencies  in  solids 
and  in  fluids  [19-24].  The  nonlinear  passive  materials  include  LiNb03,  Ge, 
liquid  CS2 ,  Na  vapor  and  SF6  gas.  It  is  particularly  strong  when  w  corre¬ 
sponds  to  a  resonant  transition  and  has  been  demonstrated  in  laser  media, 
including  ruby  [20],  Nd  YAG  [21],  as  well  as  a  C02  discharge  [22,23].  The 
phase-conjugate  mirrors  thus  obtained  may  display  gain  and  also  act  as  narrow 
frequency  filters,  since  the  ^  response  is  determined  by  the  width  of  the 
atomic  resonance,  with  some  further  narrowing  in  the  case  of  gain.  BLOOM  et 
al.  have  recently  demonstrated  [24]  this  last  effect  at  the  yellow  resonance 
lines  in  Na  vapor. 

The  use  of  single  mode  cw  dye  lasers  with  nearly  equal  frequencies  to, 

G)  -  Aw  will  create  a  wave  at  to  +  Ago.  The  addition  of  polarization  discrimi¬ 
nation  may  be  advantageous.  The  slight  phase  mismatch  leads  to  a  coherence 
length  which  is  in  many  cases  still  larger  than  the  interaction  length  in 
the  focal  regions  of  the  intersecting  beams.  This  scheme  has  recently  been 
used  [25]  to  detect  stimulated  Brillouin  scattering  in  CS2,  with  Aw  ~  0  cm-1. 
The  method  may  also  be  used  to  study  inelastic  Rayleigh  wing  scattering  and 
complements  the  well-established  picosecond  time  resolved  spectroscopy  tech¬ 
niques. 

3.  Interference  Effects  in  Raman  and  CARS  Spectroscopy 

High  resolution  coherent  Raman  gain  measurements  with  cw  dye  lasers  have 
been  .pioneered  by  OWYUNG  [26].  The  method  can  be  used  to  probe  the  fine 
structure  of  Raman-active  vibrations  of  polyatomic  molecules  such  as  H2 ,  CH4 
and  SF6.  High  resolution  CARS  data  have  also  been  obtained  in  many  gases 
[5,6].  Interference  effects  with  nonresonant  background  terms,  as  given  by 
(3),  are  readily  observed.  ECKBRETH  et  al.  [27,28]  have  recently  used  a 
broad-band  pulsed  dye  laser,  together  with  monochromatic  pump  beams  at 
Wj  =  w3,  to  obtain  a  CARS  spectrum  over  a  frequency  interval  of  several 
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hundred  cm  1  in  a  single  pulse.  The  temperature  in  a  sooty  flame  can  be 
determined  within  about  50°K  from  the  CARS  spectrum  of  N2  or  flame  reaction 
products  in  a  volume  element  determined  by  the  intersecting  light  beams. 

BETHUNE  et  al.  [29]  have  also  used  a  broad  band  dye  laser  to  obtain  an 
intense  broad  band  infrared  pulse  by  means  of  the  near-resonant  electronic 
stimulated  Raman  effect  in  an  alkali  vapor.  The  initial  and  final  states 
are  states  of  alkali  atoms  K,  Rb  or  Cs,  as  sketched  in  the  diagram  of 
Fig. 3a.  Although  the  effect  is  especially  large  in  the  vicinity  of  the  mS-nP 
resonance  lines,  there  is  a  destructive  interference  when  fzw  corresponds  to 
an  energy  one-third  of  the  way  between  the  P-doublet.  The  dominant  term  in 
the  nonlinear  polarization  is  proportional  to 

4(0)  -  a)  -  ir  .  \  1  +  2/w  ,  -  a)  -  ir  !  \  1 

\nP^,mS  nP  2,mS/  \  nP^,mS  nP^,mS / 

The  factors  4  and  2  represent  the  degeneracy  of  the  P-levels.  For  the  situa¬ 
tion  of  Fig. 3a  the  real  parts  have  equal  and  opposite  signs,  and  if  the  damp¬ 
ing  is  small  compared  to  the  doublet  splitting,  the  destructive  interference 
is  nearly  complete.  This  interference  effect  was  first  demonstrated  for  two- 
photon  absorption  on  the  3S^-4D^  transition  of  Na  by  LIAO  and  BJ0RKH0LM  [30], 
shown  in  Fig. 3b. 

Consider  now  the  case  that  the  damping  is  increased  by  increasing  the  par¬ 
tial  pressure  of  a  buffer  gas.  The  destructive  interference  will  disappear 
when  the  damping  becomes  comparable  to  or  larger  than  the  doublet  splitting. 
Thus  a  coherent  Raman  signal  may  be  increased  by  means  of  an  incoherent  damp¬ 
ing  process.  The  point  is,  of  course,  that  the  destructive  interference 
between  two  coherent  pathways  is  eliminated. 

Similar  effects  undoubtedly  play  a  role  in  CARS.  Resonant  CARS  (compare 
Figs.lc-e)  has  been  studied  experimentally  [31]  and  theoretically  [32]  in 


Fig. 3  Near  resonant  two-photon  processes  and  parametric  four-wave  mixing 
in  alkali  atoms  (a)  coherent  resonant  electronic  Raman  scattering 
(b)  resonant  two-photon  absorption  (c)  four-wave  resonant  parametric  mixing 
with  Na  atoms  remaining  in  the  ground  state  3S^.  For  clarity  the  photon 
lines  are  drawn  between  the  unpopulated  excited  states 
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iodine  vapor.  DRUET  et  al.  [32]  have  integrated  all  the  terms  in  the  CARS 
susceptibility  over  the  inhomogeneous  Doppler  profile.  The  different  denomi¬ 
nators  have,  of  course,  different  Doppler  widths  because  of  different  energy 
spacings . 

LYNCH  et  al.  [2,33]  have  shown  that  half  of  the  48  terms  in  the  general 
expression  for  x^  are  really  small  correction  terms  proportional  to  differ¬ 
ences  in  damping  constants.  No  experimental  evidence  for  such  terms  has  yet 
been  found.  They  vanish  when  the  system  is  in  the  ground  state  and  all  phase 
memory  times  are  determined  by  the  spontaneous  lifetime  of  the  levels. 

The  sign  of  the  imaginary  parts  in  the  resonant  denominators  has  been  the 
subject  of  some  controversy  [7,10].  The  experiments  of  LOTEM  et  al .  [34] 
have  shown  conclusively  that  the  sign  of  the  imaginary  part  must  be  reversed 
with  the  sign  of  u)j-  U)  in  the  Raman-type  denominator  of  the  CARS  suscepti¬ 
bility,  (— 2oo x  +  w2  ,(jl)  ,-co2  ,+GOj  )  .  The  imaginary  part  for  two-photon  absorp¬ 
tion  resonances  is  independent  of  the  sign  of  oij-  co2 .  By  interfering  the 
imaginary  part  of  x^  for  two-photon  absorption  in  CS2  with  the  Raman  reso¬ 
nance  in  benzene,  unambiguously  different  results  were  obtained  in  four-wave 
mixing  for  CARS  with  Wj-  w2  >  0 ,  and  for  CSRS  with  u)j-  0)2  <  0 . 

CARREIRA  et  al .  have  found  [35]  that  the  lineshapes  for  resonant  CARS  and 
resonant  CSRS  are  the  same  for  8-carotene.  They  conclude,  therefore,  that 
X^(-2a)1  +  w2  jWj  , -u>2  ,o)j )  for  oo j  —  oo2  >  0  and  O0j-  w2  <  0  must  be  the  complex  con¬ 
jugates  of  each  other.  The  formulae  of  LYNCH  et  al.  [2]  state,  however,  that 
two  of  the  three  resonant  denominators  change  the  sign  of  their  imaginary 
part,  but  not  the  third.  They  predict,  in  general,  different  lineshapes  [33] 
for  resonant  CARS  and  CSRS.  CARREIRA  treates  the  broad  electronic  resonance 
as  a  combination  of  homogeneously  broadened  structures.  The  line  in  such 
organic  dyes  has  undoubtedly  a  large  inhomogeneous  distribution  of  electronic 
resonant  frequencies.  This  makes  the  argument  presented  by  CARREIRA  less 
convincing,  and  it  is  clearly  desirable  to  do  similar  experiments  in  an  atomic 
vapor  with  well-defined  energy  levels,  matrix  elements  and  widths.  Some  pre¬ 
liminary  experiments  were  carried  out  in  our  laboratory  on  four-wave  mixing 
in  sodium  vapor  with  w3  and  oo2  in  resonance  with  the  a)  .  and  w  , 

3P  ,4d  3P^,4d 

separations.  The  generated  frequency  U)4  differs  by  17  cm-1,  the  3P-doublet 
separation,  from  co1 .  Discrimination  in  polarization  and  wave  vectors  is  also 
utilized.  As  indicated  in  Fig. 3c,  u)j  and  w4  were  initially  removed  by  100 
to  600  cm-1  from  the  3S-3P  resonance  to  keep  all  Na  atoms  in  the  ground  state 
and  to  avoid  any  population  in  the  excited  states.  The  preliminary  results 
could,  nevertheless,  be  ascribed  to  Raman-type  transitions  between  the  3P 
doublet  states.  About  one  part  In  a  million  of  the  Na  atoms  was  excited  from 
the  ground  state,  presumably  due  to  pumping  of  molecular  transitions  of  Na2 
with  subsequent  dissociation.  The  intensity  of  this  step-wise  process  varies 
as  a  higher  power  than  the  cubic  function  of  the  intensities  of  the  incident 
beams,  appropriate  for  four-wave  mixing  by  ground  state  atoms.  Further  ex¬ 
periments  are  in  progress  to  demonstrate  coherent  resonant  four-wave  mixing 
in  alkali  vapors.  It  is  expected  that  the  intensity  of  this  coherent  signal 
may  increase  with  increasing  pressure  of  the  buffer  gas. 

In  conclusion,  fine  details  of  the  influence  of  incoherent  homogeneous 
damping,  as  well  as  inhomogeneous  broadening  on  the  lineshapes  of  coherent 
four-wave  mixing,  will  provide  a  rigorous  test  of  the  theory.  Several  crucial 
interferences  between  real  or  imaginary  parts  of  different  resonances,  or 
with  the  real  nonresonant  part,  have  already  been  verified.  While  the  main 
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features  of  the  x*  formalism  are  well  established  and  are  used  in  an  ever 
increasing  number  of  experiments  and  applications,  further  tests  on  the  in¬ 
fluence  of  damping  in  nonlinear  situations  are  required. 
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ABSTRACT 

Multiphoton  processes  may  be  distinguished  in  resonant  processes,  which  lead 
to  excitation,  ionization  or  dissociation  of  atom  or  molecule,  and  nonresonant  or 
parametric  processes,  which  leave  the  particle  in  its  original  energy  state.  A 
recent  example  of  the  latter  is  harmonic  generation  in  the  vacuum  ultraviolet  in 
noble  gases  and  alkali  vapors.  An  example  of  the  former  is  the  detection  of  single 
atoms  by  ionization  with  intermediate  resonant  processes,  which  are  selective  and 
characteristic  for  the  atomic  species.  There  are  many  hybrid  cases  involving 
mixtures  of  resonant  and  nonresonant  transitions.  Some  examples  of  coherent  reso¬ 
nant  Raman  scattering  will  be  discussed. 

A  careful  distinction  must  be  made  between  direct  multiphoton  processes  and 
cascade  processes  of  lower  order.  Higher  order  harmonics  may  be  generated  by  a 
cascade  of  lower  order  parametric  processes.  An  extreme  example  of  a  step-wise 
process  is  the  dissociation  of  polyatomic  molecules  by  infrared  laser  pulses. 

The  rate-determining  step  is  a  cascade  of  single  photon  absorption  (and  emission) 
processes,  while  the  total  number  of  photons  involved  exceeds  thirty. 


1.  NONIONIZING  MULTIPHOTON  PROCESSES  IN  AT CMS 

The  interaction  of  electromagnetic  radiation  with  matter  is  highly  developed. 

In  1927  Dirac  described  the  processes  of  absorption  and  emission  of  light  in  quan- 
tummechanical  terms  as  one-photon  processes.  He  also  described  dispersion  as  an 
elastic  photon  scattering  process.  The  inelastic  scattering  involving  the  absorp¬ 
tion  of  one  photon  at  frequency  and  the  emission  of  a  photon  at  another  fre¬ 
quency  co 2  was  the  basis  for  the  Raman  effect.  Two-photon  absorption  (and  emission) 
processes  were  described  by  M.  Goeppert-Mayer  in  1931. 

Assume  for  simplicity  that  the  material  is  initially  in  a  nondegenerate  state 
with  lowest  energy,  the  ground  state.  If  it  remains  in  this  state  under  the  ab¬ 
sorption  and  emission  of  photons,  one  speaks  of  a  pure  parametric  process. 

The  simplest  case  is,  of  course,  the  Rayleigh  scattering  by  an  atom  or  molecule. 
This  appears  to  be  a  two-photon  process.  If  one  considers  the  coherent  effect  of 
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all  scattering  centers  in  strictly  uniform  gas,  without  density  fluctuations,  or 
in  a  strictly  periodic  lattice,  one  finds  that  the  scattered  fields  cancel  except 
in  the  forward  direction.  Here  one  obtains  a  change  in  phase  velocity  described 
by  the  real  part  of  the  linear  susceptibility. 

With  the  advent  of  high  power  lasers,  and  especially  with  the  availability  of 
tunable  dye  lasers  and  optical  parametric  oscillators,  many  multiphoton  processes 
have  been  studied  experimentally  in  great  detail,  as  described,  for  example,  in 
several  recent  conference  proceedings  (refs.  1-3).  Simple  energy  level  diagrams 
representing  the  material  system,  with  upward  arrows  for  photon  absorption  and 
downward  arrows  for  photon  emission,  may  be  used  for  a  classification  of  different 
multiphoton  processes.  Some  examples  are  given  in  Fig.  1  for  the  Na  atom.  It 
should  be  kept  in  mind  that  for  a  complete  description  more  detailed  propagator 
diagrams  would  be  necessary.  The  presence  of  damping  would  necessitate  separate 
diagrams  for  the  <bra|  and  |ket>  state  vectors  of  the  material  system  (refs.  4-5). 


Fig.  1.  Nonlinear  processes  in  the  Na-atom. 

a.  two-photon  absorption 

b.  two-photon  absorption  with  intermediate  resonance 

c.  third  harmonic  generation 

d.  sum  frequency  generation  (2io^  +  a^)  with  intermediate  resonance 

e.  hyper-Raman  three-photon  process 

f.  parametric  mixing  with  combination  frequency  2to^- 


Nonlinear  parametric  processes 

Generation  of  the  nth  harmonic  may  be  described  by  the  absorption  of  n  photons 
Eu>,  and  the  emission  of  one  photon  nEu).  The  coherence  between  the  fundamental 
and  harmonic  waves  is  important,  and  large  efficiency  of  harmonic  conversion  is 
obtained  only  if  the  momentum  matching  condition,  k(nto)  =  n  Is(uj)  is  satisfied. 
This  can  be  achieved  in  alkali  vapors  by  mixing  the  correct  partial  pressure  of 
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a  noble  gas.  It  is  based  on  the  existence  of  resonant  lines  with  large  oscillator 
strength  between  co  and  ncj,  so  that  the  index  of  refraction  of  the  pure  alkali  vapor 
is  lower  at  the  harmonic  than  at  the  fundamental  frequency  (ref.  6).  Third  har- 
monic  generation  is  readily  observed.  The  intensity  is  proportional  to  |xV  ' (3w) |  . 
More  recently  higher  odd  harmonics,  up  to  the  ninth  harmonic,  of  1.06  pm  have  been 
reported  in  Na  vapor  (ref.  7). 

The  generation  of  even  harmonics  is  forbidden  in  the  electric  dipole  approxi¬ 
mation  in  isotropic  media.  Second  harmonic  generation  has,  nevertheless,  been 
observed  utilizing  a  quadrupole  matrix  element.  In  perturbation  language  one  goes 
virtually  with  a  dipole  element  from  3s  to  np,  next  with  a  dipole  element  to  a 
second  intermediate  state  n'd,  and  then  back  to  the  ground  state  3s  with  a  quadru¬ 
pole  matrix  element  (ref.  8). 

Harmonic  generation  is  greatly  enhanced  if  there  happen  to  be  resonances,  for 

(3) 

example  if  there  is  a  real  energy  level  at  2co.  In  that  case,  x  (3to)  is  complex, 
even  though  there  is  no  absorption  at  either  co  or  3<o.  The  evolution  of  the  density 
matrix  is  unambiguous,  and  a  continuous  transition  exists  between  the  nonresonant 
and  resonant  case  (ref.  9).  At  resonance  the  verbal  description  is  different. 

One  may  say,  for  example,  that  an  interference  occurs  in  the  transition  from  the 
ground  state  to  the  level  at  2u)q.  These  are  connected  by  two  two-photon  processes, 
involving  two  photons  at  0),  or  one  photon  at  co  and  another  at  3co. 

The  occurrence  of  an  intermediate  resonance  also  permits  the  following  phrasing. 

The  state  at  2co  is  excited  by  a  two-photon  absorption  process;  next  the  state 

decays  back  to  the  ground  state  in  a  Raman-type  process,  absorbing  another  photon 

at  co  and  emitting  one  at  3co.  Both  wordings  are  imperfect  and  incomplete.  It 

(3) 

should  be  kept  in  mind  that  the  calculation  of  x  (3co)  does  not  explicitly  involve 
the  diagonal  element  of  the  density  matrix  or  the  population  in  the  state  at  2co. 

This  population  is,  however,  changing  and  is  a  measure  for  the  two-photon  absorp- 
tion  process.  Whereas  the  intensity  at  3co  is  proportional  to  |x  J  (-3co,co,co,co)  |  , 

/O  \ 

the  two-photon  absorption  is  proportional  to  x"''  '  ( — 0) , co , co ,  — co )  .  Both  processes  are 
resonant  at  2co.  Two-photon  (and  three-photon)  absorption  to  bound  excited  states 
has  been  studied  extensively,  in  atoms  and  in  molecules.  It  permits  the  investi¬ 
gation  of  highly  excited  states  close  to  ionization  limit  in  high  resolution,  as 
Doppler  broadening  is  eliminated,  if  the  sum  of  the  wave  vectors  of  absorbed  photons 
vanishes  (refs.  10,11). 

Many  double,  or  triple,  resonances  may  also  occur.  A  simple  situation  is  shown 
in  Fig.  lb.  A  two-photon  absorption  transition  between  levels  |g>  and  |f>,  may 
have  an  additional  one-photon  transition  through  an  intermediate  level  |n>.  Part 
of  the  two-photon  signal  is  then  due  to  a  cascade  of  two  one-photon  processes. 

The  distinction  in  the  calculation  is  whether  or  not  the  diagonal  element  of  the 
density  matrix  plays  a  role  in  the  intermediate  step  in  determining  in 

fourth-order  perturbation  theory. 
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Generation  of  the  combination  frequency  u) 
mixing . 


P 


a.  CARS 


0) 

a 


+  w,  - 
b 


,  by  Raman-type 


b.  Resonant  CARS,  with  one-photon  resonance  at  U)a 

c.  Resonant  CARS,  with  one-photon  resonance  at  ta 

d.  Double  one-photon  resonances  in  the  vicinity  of  the  Raman  resonance 

e.  Four  one-photon  resonances. 


One  speaks  of  a  resonant  Raman  process,  if  in  addition  to  a  real  level  at  0)^-  , 

there  is  also  a  real  level  approximately  above  the  ground  state  and  connected 

to  it  by  a  dipole  matrix  element.  As  the  resonance  at  is  approached,  one  has 

a  transition  from  pure  Raman  effect  to  resonance  fluorescence.  The  language  for 

the  latter  case  would  say  there  is  a  real  one-photon  absorption  process,  followed 

by  a  real  one-photon  emission  process  (ref.  9). 

(3) 

In  general  y  describes  a  parametric  process  involving  four  different  fre¬ 
quencies,  satisfying  the  condition  co^  =  .  Two  cases  with  are 

shown  in  Figs.  Id  and  If.  In  parametric-type  processes  resulting  in  the  generation 
of  2o)^-  0^2  ,  a  resonance  may  occur  at  the  intermediate  frequency  (1)2*  One  then 
speaks  of  coherent  antistokes  Raman  scattering  (CARS).  In  addition,  one-photon 
resonances  can  also  play  a  role,  and  some  such  situations  are  depicted  in  Fig.  2. 

The  lineshapes  in  the  vicinity  of  these  multiple  resonant  conditions  are  compli¬ 
cated.  They  are  different  for  each  individual  case.  Much  current  research  acti¬ 
vity  is  addressed  to  multiple  resonances  in  parametric  mixing  situations  (refs.  5,12) 
In  the  example  shown  in  Fig.  Id,  the  frequency  is  chosen  in  the  visible,  so 
that  2co^  is  close  to  the  energy  difference  between  the  3s  and  3d  level  of  the  Na 
atom.  The  frequency  is  in  the  infrared,  close  to  the  energy  difference  between 
4p  and  3d.  The  new  sum  frequency  2u)^  +  is  in  the  ultraviolet  and  is,  of  course, 
also  near  resonant  with  the  3s-3d  energy  interval.  Quantum  efficient  up-conversion 
from  the  infrared  to  the  ultraviolet  can  thus  be  achieved  (ref.  13). 
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Fig.  3.  Energy  level  diagrams  of  He  atom  for  fifth  and  seventh  harmonic  conversion 
of  266  nm  radiation  (after  Reintjes  et  al.,  ref.  15). 

A  similar  situation  was  used  to  probe  autoionizing  states  of  alkaline  earth 

2  1  1 

metals  (ref.  14).  The  two-photon  states  were,  for  example,  the  5p  or  5s5d  Dj 

configuration  in  strontium.  The  autoionizing  state  near  2oj^  +  corresponding 
to  186.7  nm,  belonged  to  the  4d4f  configuration.  The  resonance  lineshapes  depend 
markedly  on  the  intermediate  state  and  display  Fano-type  interferences  with  the 
surrounding  continuum  states  (ref.  14). 

Intermediate  levels  above  the  ionization  limit  also  play  a  role  in  the  genera¬ 
tion  of  high  harmonies  in  the  vacuum  ultraviolet  (VUV)  (ref.  15).  Figure  3  shows, 
for  example,  the  energy  levels  of  the  He  atom  for  the  generation  of  the  fifth 
harmonic  at  53.2  nm  and  the  seventh  harmonic  at  38  nm.  The  incident  laser  pulse 
was  at  U)  =  266  nm,  corresponding  to  the  fourth  harmonic,  obtained  by  twice  doubling 
the  output  at  1.06  ym  wavelength  of  a  mode-locked  Nd:YAG  laser  pulse.  There  is 
some  enhancement  in  the  values  of  and  X^>  due  t0  a  near  coincidence  of  5Ha) 

with  the  3p  level.  The  mismatch  is  "only"  Av  =  1670  cm  ^ .  Since  6fiu)  and  7Ku) 
are  above  the  ionization  limit,  the  question  arises  whether  ionization  of  the  He 
atom  does  not  prevent  the  parametric  generation  of  the  seventh  harmonic.  In  very 
short  pulses  with  very  high  peak  intensities,  the  higher  order  parametric  process 
can  compete  successfully.  The  effective  volume  for  parametric  generation  is  limited 
by  the  absorption  length  A  of  radiation  at  7co  or  the  coherence  length.  The 
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power  generated  at  the  seventh  harmonic  is  proportional  to  N  ^  ^"abs*  w^ere  ^ 
the  density  of  the  gas.  The  number  of  molecules  that  are  ionized  during  the  laser 
pulse  is  proportional  to  N«^^t  or  Nt^t^  for  six-  and  seven-photon  ionization,  re¬ 
spectively.  Thus,  in  sufficiently  short  pulses  the  possibility  exists  to  generate 
harmonic  intensity  at  an  ionizing  wavelength  without  too  much  ionization.  Although 
the  harmonic  intensity  increases  as  the  square  of  the  pressure,  the  latter  cannot 
be  chosen  too  high;  otherwise  avalanche  ionization  will  occur.  The  criterion  here 
is  that  the  pulse  duration  t  should  be  short  compared  to  the  electron-atom  colli¬ 
sion  time  T  ,  so  that  no  inverse  bremstrahlung  acceleration  can  take  place.  Ava¬ 
lanche  breakdown  severely  limits  the  maximum  intensity  that  can  be  applied  in 
condensed  matter. 

Another  possible  competitive  mechanism  is  cascade  harmonic  generation.  For 

example,  the  third  harmonic  could  be  generated  by  the  parametric  process 

(jo  +  to  +  to  -»  3<o,  and  then  the  reaction  3to  +  to  4-  <0  -*  5(0  could  produce  the  fifth 

harmonic.  The  relative  strength  of  the  two-step  process  to  the  direct  generation 

(3)  2  (5) 

U)  +  (0+(0  +  (0  +  C0-»5<0  depends  on  the  ratio  of  {x  '  }  /x  >  while  in  dense  media 
the  two  ways  of  generation  may  have  comparable  magnitude,  in  low  density  gases 
the  cascade  mechanism  is  negligible,  as  and  are  ea°h  proportional  to  N. 

Having  discussed  the  role  of  states  above  the  ionization  limit  as  intermediate 
states,  next  ionizing  transitions  will  be  considered,  where  the  final  state  lies 
in  the  ionization  continuum. 

2.  MULTIPHOTON  IONIZATION  IN  ATOMS 

When  the  final  state  lies  above  the  ionization  limit,  instead  of  being  a  bound 
state  below  it,  one  speaks  of  multiphoton  ionization.  A  recent  conference  was 
devoted  almost  exclusively  to  such  ionizing  excitations  (ref.  3).  It  is  clear, 
however,  that  the  basic  physical  considerations  for  all  multiphoton  processes  are 
rather  similar.  Although  ionization  by  fourteen  or  even  more  photons  appears  to 
have  been  demonstrated  in  noble  gases,  the  required  field  intensities  are  so  high 
that  extreme  care  must  be  taken  that  the  observed  creation  of  charged  particles 
is  not  due  to  avalanche  ionization  or  to  the  presence  of  other  more  readily  ionizing 
impurities  or  both.  Experiments  in  very  clean  noble  gases  at  low  pressures  with 
focused  picosecond  pulses  can  give  reliable  data  on  multiphoton  ionization.  These 
are  precisely  the  conditions  under  which  high  order  harmonic  generation  in  the  VUV 
could  also  be  observed. 

It  is  well  known  that  atoms  can  be  ionized  by  a  dc  electric  field  (which  is  the 
basis  for  field  emission  ion  spectroscopy) .  The  effect  is  due  to  electron  tun¬ 
neling,  when  the  externally  applied  field  becomes  comparable  in  strength  to  the 

Coulomb  field  in  the  bound  electron  state  (E ,  >  3.10^  volts/cm).  Keldysh  has 

dc 

calculated  the  continuous  transition  in  field  ionization  from  dc  electron  tunneling 
to  high  frequency  multiphoton  ionization  for  a  simple  potential  well  (ref.  16). 
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Fig.  4.  A  simplified  energy  diagram  for  Rydberg  states  of  the  hydrogen  atom  in  a 
strong  microwave  field.  The  atomic  state  (n  =  46)  dressed  by  the  photon  field 
are  indicated  by  dashed  lines.  A  mixture  pf  multiphoton  ionization  and  tunneling 
is  involved  (after  Bayfield,  ref.  17). 

For  Rydberg  states  with  high  principal  quantum  number,  ionization  occurs,  of 
course,  much  more  readily,  since  the  Coulomb  field  of  the  bound  orbital  is  so  weak 
(ref.  17).  In  fact,  the  strength  of  the  dc  field  at  which  ionization  proceeds  at 
an  experimentally  observable  rate  may  be  used  to  identify  the  Rydberg  state.  The 
states  of  a  hydrogen  atom  with  n  =  46,  47  and  48  in  an  external  electric  field 
that  permits  tunneling  from  n  =  48  are  shown  in  Fig.  4.  If  a  microwave  field  is 
applied,  with  a  frequency  corresponding  to  the  separation  between  dashed  lines, 
microwave  multiphoton  ionization  of  states  with  n  =  47  or  46  may  occur.  Such 
experiments  have  been  carried  out  and  compared  with  theory  by  Bayfield  (ref.  17). 
Rydberg  states  are  extremely  useful  to  test  the  "effects  of  high  electric  and  mag¬ 
netic  fields",  by  scaling  down  the  requirements  for  the  external  field  values. 

Multiphoton  ionization  can,  of  course,  be  considerably  enhanced  by  intermediate 
resonance  from  bound  states.  A  recent  experiment  by  Bjorklund  et  al.  (ref.  18) 
describes  the  three-photon  ionization  of  the  hydrogen  atom  (see  Fig.  5).  Two 
photons  at  the  fixed  frequency  0)^  (the  fourth  harmonic  of  Nd  YAG  at  266  nm)  and 
one  photon  at  ate  used.  The  frequency  is  the  second  harmonic  of  a  dye  laser 
and  is  adjusted  at  224  nm,  so  that  u>^  +  corresponds  to  the  energy  interval 
2S  -  IS  of  the  hydrogen  atom. 

Similar  cascade  ionization  experiments  have  been  carried  out  in  vapors  of  alkali 
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Fig.  5.  Three-photon  ionization  of  the  hydrogen  atom  (after  Bjorklund  et  al . , 
ref.  18). 

atoms  and  alkaline  earth  atoms  (ref.  19).  In  the  latter  case  one  can  detect  reso¬ 
nant  increases  in  the  ionizing  current  when  the  sum  of  the  photon  energies  is  equal 
to  an  autoionizing  state.  For  example,  the  Sr  atom  is  more  readily  ionized  in  a 
three-photon  process  if  corresponds  to  186.7  nm.  This  is  the  excitation 

of  a  4d4f  autoionizing  level.  In  Section  1  this  condition  was  discussed  in  con¬ 
nection  with  enhanced  parametric  generation  of  the  sum  frequency  2 . 

Charged  particles  can,  of  course,  be  detected  with  very  high  sensitivity.  In 
fact,  Geiger  counters  can  detect  single  electrons,  suitably  accelerated  and  ampli¬ 
fied  by  avalanche  ionization.  This  detection  scheme,  in  combination  with  selective 
step-wise  resonant  photoionization,  was  used  by  Hurst  et  al.  (ref.  20)  to  detect 
single  atoms  of  a  particular  species.  This  selectivity  comes  from  one  or  more 
resonances  between  discrete  bound  atomic  energy  states.  The  final  ionization  step 
may  be  induced  by  a  photon  or  by  a  dc  or  microwave  electric  field.  This  scheme 
may  be  applied  to  the  detection  of  rare  isomeric  nuclear  species  in  fission  decay 
products.  It  has  also  been  used  to  detect  collisional  broadening  or  shifts  in  the 
interaction  of  an  excited  Cs  atom  with  a  noble  gas  atom  (ref.  21). 

235 

Resonant  photoionization  has  already  been  used  to  selectively  photoionize  U 
238 

atoms  (and  not  U  atoms)  in  a  uranium  vapor  beam.  The  feasibility  of  this  tech¬ 
nique  for  isotope  separation  is  well  established,  but  its  economic  viability  re¬ 
mains  to  be  tested. 
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The  effects  of  polarization  of  the  incident  light  beams  and  of  their  intensity 
on  the  resonant  condition  are  of  considerable  importance  for  multiphoton  transi¬ 
tions  to  bound  states  as  well  as  to  ionizing  states.  Since  their  discussion  was 
omitted  in  Section  1,  a  few  words  are  in  order  for  polarization  effects  and  dynamic 
Stark  effects  in  multiphoton  ionization. 

For  circularly  polarized  light,  the  angular  momentum  in  the  n-photon  process 
must  change  by  Am^  =  ±n.  If  the  initial  state  is  an  S-state,  and  there  is  no  spin, 
the  final  state  has  L  =  n.  If  electron  spin  and  spin  orbit  coupling  are  taken 
into  account,  it  is  easy  to  see  that  some  polarization  of  electrons  produced  in 
the  photoionization  process  will  result.  Furthermore,  the  total  probability  for 
photoionization  will  be  different  for  linear  and  circular  polarization.  In  the 
latter  case  a  sharp  minimum  is  predicted  for  photon  energies  between  major  atomic 
resonances.  The  experimental  and  theoretical  situation  is  discussed  by  Karule , 

M.  J.  van  der  Wiel  and  others  in  ref.  3. 

The  Cs  atom  can  be  ionized  by  four  photons  of  a  Nd-glass  laser  near  1.06  nm. 

A  sharp  resonance  occurs  near  1.05895  nm,  where  the  three-photon  energy  is  equal 

to  the  separation  between  the  energy  separation  of  the  6F  and  6S  level  (ref.  22). 

There  is,  however,  an  observable  shift  A  in  the  observed  maximum  of  photoionization 
from  the  resonant  condition,  A  =  -  3Hu).  The  shift  A  depends  on  the  in¬ 

tensity  of  the  light  and  is  determined  by  the  dynamic  Stark  shifts  of  both  the  6S 
and  6F  level.  Furthermore,  at  a  fixed  frequency  on  one  side  of  this  maximum,  the 

photocurrent  depends  more  steeply  on  intensity,  and  on  the  other  side  less  steeply, 

4 

than  the  power  law which  is  observed  off  resonance  as  expected  for  a  four-photon 
ionization  process.  This  can  be  explained  as  follows:  one  side  of  the  atomic 
resonance  is  pulled  close  to  the  applied  frequency  by  the  dynamic  Stark  shift, 
whereas  on  the  other  side  the  Stark  shift  has  the  opposite  sign  and  the  resonance 
is  repelled  for  increasing  intensity. 

In  addition  to  the  shift  of  the  resonance,  a  dynamic  Stark  splitting  may  be 
observed  (ref.  23),  if  the  transition  is  probed  by  a  second  weaker  resonant  transi¬ 
tion  toward  a  third  level.  The  two-step  cascade  transition  in  the  Na  atom  from 
the  3sS^  ground  state  to  the  4dD  ^  state  via  the  intermediate  3pP ^  level  has  been 
probed  in  this  manner.  The  detection  of  the  population  in  the  Ad-state  takes 
place  via  subsequent  fluorescence  or  ionization  from  that  level. 

3.  MOLECULAR  DISSOCIATION  AND  IONIZATION 
3.1.  Multiphoton  electronic  excitation 

Just  as  highly  excited  states  of  atoms  can  be  reached,  so  can  electronic  exci¬ 
tation  in  molecules  be  induced  via  the  simultaneous  absorption  of  several  photons. 
In  alkali  vapors  the  dimers  Na2>  Cs^,  etc.,  are  more  readily  ionized  than  the  cor¬ 
responding  atoms  (ref.  2A) .  The  hydrogen  molecule  has  been  excited  in  an  eleven- 

or  twelve-photon  process  at  1.06  ym  wavelength  from  a  picosecond  Nd-glass  laser 
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(ref.  25).  Ionization  of  organic  molecules  via  intermediate  electronic  excited 
states  in  the  ultraviolet  has  recently  been  reported  (ref.  26). 

From  the  excited  electronic  state  the  molecule  can  often  readily  be  dissociated. 
The  threshold  for  this  process  is  usually  lower  than  for  ionization  of  the  molecule. 
There  are  many  rotational -vibrational  transitions  possible  in  the  excited  elec¬ 
tronic  state.  Once  the  lowest  electronic  excitation  is  reached  in  an  intense 
laser  pulse,  it  is  usually  possible  for  the  same  light  pulse  to  induce  further 
excitation  to  predissociating  or  autoionizing  states. 

The  initial  vibrational  excitation  in  the  ground  electronic  state  is  also  of 
importance.  In  fact,  the  number  of  photons  at  a  given  wavelength  required  to  reach 
the  excited  electronic  state  depends  on  this.  The  electronic  spectra  of  diatomic 
molecules  are  well  studied  in  one-photon  spectroscopy,  but  much  work  remains  to 
be  done  in  two-photon  (and  three-photon)  absorption  processes  to  electronically 
excited  molecular  states.  Especially  for  polyatomic  molecules  there  is  a  scarcity 
of  quantitative  data  on  electronic  excitation  and  ionization.  The  complexity  of 
the  spectra  present  theoretical  difficulties,  and  on  the  experimental  side  it  is 
hard  to  sort  out  the  influence  of  collisions  and  secondary  chemical  reactions. 

The  remainder  of  this  paper  is  devoted  to  a  more  detailed  discussion  of  a  process 
which  has  no  analogue  in  atoms.  This  is  the  vibrational  excitation  of  molecules 
by  infrared  radiation.  It  would  require  twenty  or  more  of  these  smaller  quanta 
to  reach  an  electronic  level  in  a  very  high  order  multiphoton  process.  Yet  very 
modest  infrared  power  levels  are  capable  of  producing  dissociation. 

3.2.  Multiphoton  vibrational  excitation 

The  vibrational  energy  levels  of  a  diatomic  molecule  are  schematically  shown 
in  Fig.  6.  Due  to  anharmonicity  they  are  not  evenly  spaced  as  they  would  be  for 


E 


R 


Fig.  6.  Anharmonic  potential  of  a  diatomic  molecule,  as  a  function  of  the  inter- 
nuclear  distance  R. 
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a  strictly  harmonic  oscillator.  It  is  clear  that  the  nearly  even  spacing  is  advan¬ 
tageous  in  reaching  high  vibrational  excitation.  For  monochromatic  excitation 
below  the  resonant  frequency  for  the  fundamental  vibrational  transition,  the  energy 
mismatch  from  real  intermediate  states  is  much  smaller  than  in  the  electronic  case. 
Nevertheless,  the  power  level  required  for  monochromatic  radiation  to  excite  a 
diatomic  molecule,  such  as  HF,  to  a  level  with  fourteen  vibrational  quanta  close 
to  the  dissociation  limit  is  very  high.  It  would  be  difficult  to  avoid  dielectric 
breakdown  of  the  gas.  In  fact,  dissociation  of  a  diatomic  molecule  by  monochromatic 
infrared  radiation  has  not  been  convincingly  demonstrated.  Perhaps  some  emphasis 
is  needed  to  say  that  the  interest  is  here  focused  on  collisionless  mechanisms. 

One  can,  of  course,  heat  a  molecular  vapor  to  sufficiently  high  temperature  so 
that  collisionally  induced  dissociation  sets  in.  It  is  possible  to  reach  such 
temperatures  by  one-photon  absorption  processes  in  a  c.w.  laser  beam,  if  the  fre¬ 
quency  corresponds  to  a  strong  absorption  line  of  the  molecular  species. 

Dissociation  of  a  diatomic  molecule  without  the  benefit  of  collisions  could 
readily  occur,  if  one  had  simultaneously  fourteen  or  so  different  infrared  fre¬ 
quencies,  each  one  corresponding  to  another  step  in  the  anharmonic  ladder.  This 
would  induce  step-wise  one-photon  transitions.  Presumably  one  could  skip  a  number 
of  steps,  since  two-  or  three-photon  transitions,  going  two  or  three  rungs  of  the 
ladder  at  the  same  time,  are  feasible  at  relatively  modest  power  levels  because 
of  modest  energy  mismatches  in  the  intermediate  stages;  but  no  experimental  evidence 
for  collisionless  dissociation  of  diatomics  by  infrared  radiation  is  available. 

This  situation  stands  in  marked  contrast  to  that  for  polyatomic  molecules.  Many 
molecules  have  been  dissociated  by  irradiation  with  a  single  infrared  frequency, 
although  distinct  advantages  can  be  derived  from  using  two  or  three  different  fre¬ 
quencies  (ref.  27).  Experiments  have  been  carried  out  with  molecular  beams  showing 
conclusively  that  the  collisions  need  not  play  a  role  (ref.  28).  Several  review 
articles  on  multiphoton  laser  induced  photochemistry  have  been  published  recently 
(refs.  29,  30). 

It  is  an  intriguing  question  why  a  polyatomic  molecule  can  absorb  about  thirty 
monochromatic  photons  required  for  dissociation,  while  a  diatomic  cannot.  The 
interest  is  especially  strong  since  the  dissociation  process  has  isotopic  selec¬ 
tivity. 

Figure  7a  illustrates  the  various  regimes  of  vibrational  excitation  in  a  poly¬ 
atomic  molecule.  In  a  "cold"  molecule,  at  very  low  levels  of  excitation,  one  has 
discrete  energy  levels.  This  is  the  domain  for  high  resolution  spectroscopy. 

The  complexity  of  the  energy  levels  increases  very  rapidly  with  increasing  vibra¬ 
tional  energy  in  a  polyatomic  molecule.  A  quasicontinuum  of  energy  states  exists, 
which  goes  over  in  a  true  continuum  above  the  dissociation  limit.  In  this  last 
regime  the  molecule  will  sooner  or  later  dissociate. 

There  is  general  agreement  that  in  the  discrete  level  regime,  complete  solutions 
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Fig.  7.  Schematic  of  vibrational  energy  levels  in  a  polyatomic  molecule. 

a.  Three  regimes  of  the  exact  energy  levels. 

b.  Separation  of  the  selected  driven  vibrational  mode  and  the  ensemble 

of  other  vibrational  levels.  Anharmonic  coupling  causes  energy  trans¬ 
fer  and  relaxation. 

of  the  Schrodinger  equation  in  the  presence  of  coherent  fields  are  required,  and 
that  in  the  dissociation  continuum  the  standard  RRKM  (Rice-Ramsperger-Kassel-Marcus) 
theory  of  unimolecular  reaction  is  widely  applicable  (ref.  31),  which  assumes  that 
the  molecule  probes  its  available  phase  space  in  a  quasiergodic  fashion  on  a  sub¬ 
picosecond  time  scale. 

As  the  vibrational  phase  space  in  polyatomic  molecules  with  a  total  excitation 
energy  of  5000  cm  ^  or  more  becomes  exceedingly  complex,  it  is  natural  to  attempt 
an  extension  of  the  concepts  of  statistical  mechanisms  below  the  dissociation  limit. 
The  real  questions  are  then  the  following:  How  far  below  the  dissociation  limit 
is  this  approach  valid?  and  on  what  time  scale?  How  large  does  the  molecule  have 
to  be?  Is  it  valid  for  triatomics?  What  happens  for  vibrational  modes  which  are 
isolated  in  frequency  (hydrogen  vibration) ? 

An  instructive  way  to  look  at  the  quasicontinuum  is  to  divide  the  vibrational 
degrees  of  freedom  into  two  groups,  the  "system"  and  the  "heat  bath",  as  shown  in 
Fig.  7b.  The  infrared  driven  mode  is  regarded  as  the  system.  In  large  molecules 
with  a  sufficient  number  of  modes  at  low  eigenf requency  and  sufficiently  high 
thermal  excitation,  the  absorbed  energy  will  rapidly  leak  from  the  system  to  the 
heat  bath,  formed  by  the  other  vibrational  degrees  of  freedom. 

As  the  temperature  of  the  bath  increases,  the  relaxation  time  T^  will  decrease, 
and  there  will  also  be  an  anharmonic  shift  of  the  separated  system  resonant  energy. 
The  corresponding  situation  in  magnetic  resonance  would  be  the  heating  of  the  lat¬ 
tice  of  a  paramagnetic  crystal  by  spin  resonance.  The  spin  relaxation  time  and 
resonant  frequency  will  change  with  increasing  temperature. 
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The  question  how  many  degrees  of  freedom  are  needed  to  constitute  a  "heat  bath" 
is  an  intriguing  one.  Recent  experimental  evidence  suggests  small  molecules  are 
capable  of  equipartitioning  a  sufficiently  high  vibrational  energy  on  a  picosecond 
time  scale.  This  fact  is  also  confirmed  by  computer  experiments  (ref.  32).  A 
reasonable  classical  interatomic  potential  configuration  is  assumed,  and  the  motion 
of  the  atoms  driven  by  a  periodic  electromagnetic  field  is  computed  for  an  ensemble 
of  initial  conditions.  A  brief  review  of  the  experimental  methods  and  results 
which  support  this  picture  follows. 

3.3.  Infrared  laser  induced  excitation  of  polyatomic  molecules 

(a)  Low-lying  discrete  levels.  The  basic  experimental  tool  here  is,  of  course, 

spectroscopy.  The  details  of  the  infrared  spectrum  of  a  polyatomic  molecule  such 

as  SF,  are  complex.  Examples  of  the  high  resolution  scans  near  the  Q-band  head 
°  -1 

of  the  v^-mode  at  948  cm  are  given  by  McDowell  (ref.  33).  The  body  of  experi¬ 
mental  and  theoretical  work  is  large,  and  the  effects  of  rotational-vibrational 
interactions  and  Coriolis  splittings  of  the  three-fold  degenerate  v^-mode  are 
understood  in  detail. 

The  next  experimental  step  is  two-frequency  irradiation  spectroscopy.  The  SF^ 

molecule  is  raised  to  an  excited  vibrational  state  and  its  spectral  features  are 

probed  spectroscopically  with  varying  degrees  of  resolution  (ref.  34).  It  is  clear 

that  the  complexity  rapidly  increases,  and  it  is  very  difficult  to  isolate  and 

identify  specific  eigenstates  of  a  polyatomic  molecule  with  a  substantial  vibra- 

3 

tional  energy.  The  density  of  vibrational  states  alone  in  SF^  is  10  per  wave 
number  at  a  total  vibrational  excitation  of  5000  cm  \  and  increases  in  a  combina¬ 
torial  fashion  at  higher  energies.  The  interest  shifts  to  "statistical  averages" 
of  spectroscopic  properties,  when  the  average  level  spacing  becomes  smaller  than 
the  Rabi  frequency  or  the  spacing  between  the  levels  becomes  smaller  than  the 
inverse  pulse  duration  or  phase  memory  time. 

(b)  Quasicontinuum  of  levels.  Before  the  advent  of  powerful  infrared  lasers, 

the  only  way  to  reach  this  regime  was  by  thermal  heating.  The  detailed  features 

of  the  v_-band  are  rapidly  washed  out,  as  the  temperature  of  SF,  is  raised  to  room 
3  b 

temperature  and  above.  The  line  assumes  a  quasi-Lorentzian  shape.  It  broadens 
and  shifts  toward  lower  frequencies  (refs.  35,  36),  as  shown  in  Fig.  8.  Recently 
data  at  1700 °K  have  been  obtained  by  infrared  emission  spectroscopy.  They  confirm 
that  both  the  shift  and  the  width  increase  linearly  with  the  absolute  temperature. 
This  is  the  average  statistical  effect  of  the  anharmonicity .  The  total  vibrational 
energy  content  is,  of  course,  proportional  to  T  in  the  high  temperature  regime 
kT  »  hv±. 

The  question  may  be  raised  why  the  v^-band  is  still  readily  identifiable,  if 
the  vibrational  energy  levels  are  rather  uniformly  distributed.  The  answer  is 
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Fig.  8.  Absorption  profiles  of  the  v3-band  of  SFg  as  a  function  of  temperature 
(after  Nowak  and  Lyman,  ref.  35).  The  background  absorption  of  about  10-20  cm2 
is  not  shown. 

that  the  frequency  distributions  of  oscillator  strength  and  energy  eigenstates 
are  different.  In  the  approximation  of  vanishing  anharmonic  coupling,  one  may 
consider  the  v^-mode. separately  from  the  other  modes,  as  shown  in  Fig.  7b.  These 
other  modes  form  a  quasicontinuum.  The  anharmonic  coupling  of  the  V^-mode  to  this 
quasicontinuum  reservoir  leads  to  broadening  and  shifting  of  V^-resonance,  shown 
in  Fig.  8.  A  fraction  of  the  oscillator  strength  is  indeed  drained  away  from  the 
vicinity  of  the  v^-band  and  resides  in  a  large  number  of  hot  bands.  These  give 
rise,  in  their  totality,  to  a  rather  featureless  background  absorption.  The  ab¬ 
sorption  cross  section  in  the  background  tails  is  roughly  one  percent  of  the  peak 

-20  2 

absorption,  or  about  10  cm  .  The  heavier  or  the  larger  the  molecule,  the  lower 
is  the  temperature  at  which  quasicontinuum  conditions  prevail.  Room  temperature 
is  already  sufficient  for  UF^,  but  not  quite  for  SF^ . 

If  the  molecule  is  initially  in  a  well  defined  state  of  low  vibrational  excita¬ 
tion,  a  coherent  multiphoton  absorption  may  be  required  to  raise  it  to  the  quasi¬ 
continuum.  The  intrinsic  vibrational  anharmonicity  may  be  compensated  by  (1)  Cori¬ 
olis  splittings  of  the  degenerate  vibrational  V^-mode,  (2)  rotational  energy  in 
a  PQR  or  similar  sequence,  (3)  power  broadening.  This  last  condition  requires 
that  the  "Rabi  frequency"  E  |y||E^|  equals  or  exceeds  the  anharmonic  defects. 

This  is  equivalent  to  the  condition  for  significant  multiphoton  transitions  to  a 
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highly  excited  vibrational  state.  For  very  intense  fields  H  ^|y| |E  |  »  T*  1,  all 

*-l  L  L 

molecules  will  be  lifted  to  the  quasicontinuum.  Here  is  the  inhomogeneous 

broadening  due  to  rotational,  Doppler  and  other  mechanisms.  This  occurs  for  power 

9  2 

densities  exceeding  10  watts/cm  .  But  even  for  quite  modest  power  densities,  of 
4  2 

about  10  watts/cm  ,  a  fraction  of  the  SF,  molecules  will  find  their  way  to  the 

o 

quasicontinuum  due  to  the  existence  of  some  ladders  of  nearly  equally  spaced  dis¬ 
crete  levels.  Clearly  the  "bottlenecking"  corrections  to  ascend  the  first  rungs 
on  the  vibrational  ladder  are  more  severe,  the  smaller  or  lighter  the  molecule, 
the  lower  the  thermal  excitation  and  the  lower  the  peak  power  of  the  applied  radia¬ 
tion  field.  These  difficulties  are,  however,  much  less  severe  than  anticipated 
a  few  years  ago . 

The  energy  absorbed  from  the  laser  beam  by  an  ensemble  of  molecules  in  the  quasi¬ 
continuum  may  be  measured  calorimetrically .  The  laser  pulse  duration  is  kept  orders 
of  magnitude  shorter  than  the  collision  time  in  a  low  pressure  cell,  so  that  indeed 
collisionless  excitation  takes  place.  After  the  laser  pulse  has  passed,  the  vibra¬ 
tional  excitation  heats  up  the  translational  degrees  of  freedom  by  means  of  colli¬ 
sions.  The  intensity  of  the  thermal  wave  is  measured  with  an  acoustic  microphone. 
The  opto-acoustic  detection  method  may  be  calibrated  by  one  direct  attenuation 
measurement  of  the  infrared  pulse.  The  need  for  well  defined  geometry  and  mode 
control  is  essential.  By  plotting  the  average  number  of  photons  absorbed  per 
molecule  against  the  energy  fluence  in  the  pulse,  the  cross  section  for  absorption 
in  the  quasicontinuum  is  given  by  the  slope  of  this  curve.  The  cross  section 
varies,  at  fixed  frequency,  with  average  photon  excitation  number,  in  the  same 
way  as  the  thermal  data  (ref.  29).  The  observations  are  consistent  with  the  notion 
that  the  absorbed  energy  is  equipartitioned  among  all  the  vibrational  degrees  of 
freedom  in  the  quasicontinuum. 

The  spectroscopy  of  such  laser-pulse  excited  molecules  is  still  in  its  infancy. 
The  state  of  the  molecule  could  be  probed  with  a  second  infrared  pulse  at  a  tunable 
frequency.  Such  time-resolved  infrared  spectroscopy  will  give  important  informa¬ 
tion  on  intramolecular  energy  transfer  processes.  One  such  experiment  was  recently 

-12  -1 

performed,  utilizing  a  30  x  10  sec  pulse  at  944  cm  ,  and  a  time  delayed 
probe  at  the  same  frequency  (ref.  37).  The  anharmonic  shift  at  is  twice  as 
large  for  energy  remaining  in  the  v^-mode  as  for  the  same  amount  of  energy  excita¬ 
tion  in  the  other  modes.  The  latter  is  determined  from  thermal  shift  data.  The 
observations  are  consistent  with  intramolecular  redistribution  times  of  the  order 
of  10  sec. 

(c)  Dissociation  continuum.  Most  information  has  been  obtained  for  molecules 
excited  above  the  dissociation  limit.  In  this  case  one  can  detect  reaction  products 
with  high  sensitivity.  In  a  molecular  beam  crossed  with  an  infrared  laser  beam, 
reaction  products  from  single  molecules  can  be  detected.  Their  translational 
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Fig.  9.  a.  Isotope  Enrichment  Coefficient  for  laser  induced  dissociation  of  SF6 
as  a  function  of  laser 'frequency . 

b.  Dissociation  rate  of  SFg  as  a  function  of  frequency.  The  low  intensity, 
room  temperature  absorption  profile  is  also  indicated  by  the  curve  without  experi¬ 
mental  points  (after  R.V.  Ambartsumian  in  ref.  2,  and  V.S.  Letokhov  in  ref.  3). 

velocity  distribution  can  also  be  analyzed  (ref.  28).  The  laser  induced  collision¬ 
less  dissociation  of  SF^  always  leads  to  SF,.  +  F.  The  kinetic  recoil  energy  dis¬ 
tribution  is  consistent  with  the  absence  of  an  activation  barrier,  and  an  average 
excitation  of  5000  to  10,000  cm  ^  above  the  dissociation  threshold  during  a  pulse 
of  10  ®  sec. 

The  frequency  dependence  for  the  dissociation  probability  of  SF^  per  pulse  is 

shown  in  Fig.  9b.  The  response  is  red-shifted  and  broadened  from  the  room  tempera- 

34  32 

ture  low-level  absorption  band.  Note  that  S  F,  has  the  same  features  as  S  F, 

6  -1  6 

except  that  all  its  response  curves  are  shifted  17  cm  downward  in  frequency. 
Subtraction  of  the  two  response  curves  leads  to  an  isotopic  enrichment  factor  for 
laser  induced  dissociation,  also  shown  in  Fig.  9.  The  large  isotopic  shift  indi¬ 
cates  that  isotope  selection  can  also  take  place  in  the  quasicontinuum  absorption 
regime.  For  small  isotope  shifts,  one  has  to  use  the  sharper  spectral  features 
of  the  discrete  level  regime. 
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The  dissociation  probability  and  the  isotopic  selectivity  decrease  with  increasing 
pressure  of  SF^  or  buffer  gases.  Collisions  deactivate  the  highly  excited  molecules 
in  the  quasicontinuum  and  scramble  the  excitation  to  other  isotopic  species. 

The  dissociation  probability  is  immeasurably  small  below  an  experimentally 

defined  threshold.  The  critical  physical  quantity  is  not  intensity  or  power  flux 

2  2 
density,  measured  in  watts/cm  ,  but  energy  fluence  measured  in  joules/cm  .  This 

-9  -9 

was  demonstrated  by  a  variation  of  pulse  duration  from  0.5  x  10  to  200  x  10  sec, 

at  constant  energy  fluence.  While  the  peak  intensity  varied  by  a  factor  400,  the 

dissociation  rate  varied  by  less  than  30  percent.  The  threshold  for  collisionless 

2  -1 

one-frequency  dissociation  of  SF,  is  about  1  joule/cm  at  942  cm 

6  -4 

The  dissociation  probability  rapidly  rises  from  a  value  less  than  10  at  thresh¬ 
old  to  near  unity  for  an  energy  fluence  twenty  times  threshold. 

Two  (or  multiple)  infrared  frequency  irradiation  is  very  effective  in  achieving 
dissociation.  A  relatively  modest  intensity  pulse,  applied  at  a  strong,  sharp 
absorption  feature,  raises  a  molecular  species  selectively  into  the  quasicontinuum. 

A  second  pulse,  preferably  at  a  lower  frequency,  imparts  sufficient  energy  to  the 
molecule  to  raise  it  above  the  dissociation  limit.  If  the  energy  fluence  is  suf¬ 
ficiently  large,  the  second  pulse  may  operate  even  on  the  featureless  absorption 

2 

tail.  An  energy  fluence  of  100  joule/cm  causes  sufficient  absorption  for  an  ab- 

-20  2 

sorption  cross  section  of  10  cm  .  Thus,  UF^  may  be  dissociated  by  a  modest 

pulse  at  its  absorption  feature  near  16.2  yin,  in  combination  with  a  strong  CO2 

laser  pulse  anywhere  between  9.2  and  10.6  ym  wavelength  (ref.  38). 

If  the  molecule  can  be  contained  without  significant  collisions  for  longer  times, 

say  0.1  sec,  the  beam  intensity  required  for  dissociation  is  dramatically  lowered. 

It  was  recently  reported  that  a  large  organic  molecule,  trapped  in  a  magnetic  and 

inhomogeneous  electric  field  configuration  used  for  ion  cyclotron  resonance,  could 

2 

be  dissociated  (ref.  39)  by  a  cw  beam  with  flux  density  of  10  watts/cm  . 

The  number  of  molecules  that  has  been  dissociated  in  a  collisionless  fashion 
exceeds  twenty  and  continues  to  grow  (ref.  26).  Although  there  are  clearly  differ¬ 
ences  in  detail,  the  main  features  of  process  are  similar  to  those  described  for 
SF^  and  UF^..  The  reaction  products  have  characteristics  in  agreement  with  RRKM 
theory,  which  is  based  on  a  rapid  statistical  distribution  of  energy. 

A  good  experimental  criterion  is  to  compare  the  average  energy  absorption, 
determined  from  calorimetric  data,  with  the  dissociation  probability,  which  is  a 
measure  for  the  high  energy  tail  of  the  distribution  above  the  dissociation  energy 
threshold.  This  comparison  between  experimental  results  for  SF^  and  a  theoretical 
curve  based  on  a  thermal  distribution  is  shown  in  Fig.  10.  For  the  short  pulses 
there  is  fairly  good  agreement;  for  the  longer  pulses  bottlenecking  effects  tend 
to  give  a  broader  distribution.  Similar  agreement  with  the  thermal  statistical 
picture  have  been  obtained  for  CF^I  (ref.  40).  Although  the  energy  is  absorbed 
in  the  CF  bonds,  the  dissociation  product  is  always  CF^  +  I  in  this  case.  The 
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Fig.  10.  The  dissociation  probability  as  a  function  of  the  mean  energy  of  excita¬ 
tion  of  SF6 .  The  experimental  data  are  compared  with  a  theoretical  curve  based 
on  a  thermal  distribution. 

dissociation  of  CF^-CO-CF^  -+  C^F^  +  CO  by  infrared  radiation  also  has  similar 
characteristics  (ref.  41). 

New  data  on  a  variety  of  molecules  are  rapidly  collected.  It  appears  that 
chromyl  chloride  (Cr02Cl2)  can  transfer  the  vibrational  energy  to  an  electronically 
excited  state  below  the  dissociation  limit  (ref.  42).  In  this  case  fluorescence 
of  visible  light  can  be  induced  by  collisionless  infrared  multiphoton  absorption. 

Although  several  new  avenues  in  chemistry  have  been  opened  up,  the  dream  to 
achieve  mode-selective  nonstatistical  excitation  will  be  difficult  to  realize. 

It  would  require  IR  pulses  of  picosecond  duration  or  les*s. 

The  following  advantages  of  multiphoton  induced  chemistry  already  exist  under 
conditions  of  equipartitioned  energy.  Multiphoton  heating  can  be  ultrafast,  leading 
to  a  higher  temperature  than  can  be  achieved  otherwise.  This  would  permit  a  high- 
energy  reaction  channel  to  compete  more  effectively  with  a  lower-energy  channel. 

The  relative  yields  of  the  different  reaction  products  could  be  controlled  in  this 
way.  Infrared  multiphoton  heating  is  collisionless,  so  unimolecular  reaction  chan¬ 
nels  can  be  made  to  compete  more  effectively  with  bimolecular  or  collisional  chan 
nels.  Most  important,  ir  laser  heating  can  operate  on  one  component  of  a  mixture, 
leaving  the  other  components  cold. 

The  last,  of  course,  is  the  essence  of  the  isotope-separation  capability,  but 
it  has  exciting  chemical  applications  as  well.  For  example,  consider  two  sides, 

A  and  B,  of  a  chemical  reaction: 

A^=i  B 

By  heating  one  of  the  components  of  A,  it  is  possible  to  shift  the  equilibrium  to 
the  right,  and  vice  versa  for  B.  This  might  be  rather  useful  in  organic  synthesis. 
Very  frequently  the  challenge  to  the  synthetic  chemist  is  not  creating  a  molecule 
of  a  given  formula,  which  is  relatively  easy,  but  producing  that  molecule  in  a 
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desired  structure  or  isomer,  which  can  be  much  more  difficult.  The  two  isomers 
A  and  B  will  have  rather  different  ir  spectra.  Irradiation  at  a  wavelength  at 
which  the  difference  in  absorption  cross  section  is  large  can  convert  the  molecules 
to  the  desired  isomer. 

There  are  many  other  ways  to  exploit  the  remarkable  capability  of  heating  one 
component  of  a  mixture.  Ultrapurification  should  be  possible  by  selectively  causing 
the  undesired  molecules  to  react.  A  high  density  of  ground-  or  excited-state  radi¬ 
cals  can  be  generated  by  infrared  photochemistry  and  employed  as  reagents.  The 
laser  can  produce  homogeneous  catalysts,  enhancing  the  speed  of  subsequent  colli- 
sional  reaction  steps  in  a  mixture. 

In  conclusion,  multiphoton  infrared  excitation  permits  the  study  of  molecules 
in  the  electronic  ground  state  with  a  high  vibrational  energy  content.  The  process 
is  dominated  by  a  sequence  of  one-photon  steps.  The  chemical  and  physical  proper¬ 
ties  of  these  strongly  vibrating  structures  are  now  accessible  to  experimentation. 
The  intriguing  question  of  ergodicity  in  small  systems  may  also  be  probed  in  more 
detail . 
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The  interference  between  the  contributions  of  two  Raman  resonances  to  the  third-order  susceptibility  x(3)  has 
been  observed  in  a  liquid  mixture  of  benzene  and  cyclohexane.  Utilizing  three  variable  laser  frequencies, 
X<3)(— w3.  w0,ci>,,  —  o>2)  was  measured  in  a  parametric  mixing  experiment  as  a  function  of  the  intermediate 
frequencies  co0  —  o>2  and  <0[  — o)2,  which  are  near  different  Raman  resonances.  Detailed  Raman  spectra  are  used 
to  give  excellent  theoretical  fits  to  the  experimental  curves.  The  usefulness  of  this  extension  of  the  well-known 
three-wave  mixing,  or  CARS  (coherent  anti-Stokes  Raman  spectroscopy),  experiment  in  calibrating  different 
two-photon  cross  sections  is  discussed. 


I.  INTRODUCTION 

With  the  development  of  high-power  tunable  dye 
lasers,  it  has  become  possible  to  investigate  non¬ 
linear  light  mixing  processes  controlled  by  the 
third-order  susceptibility  y(3).  In  particular, 
much  attention  has  been  paid  to  the  production  of 
light  at  wp  =  2w1±  <jj2  when  two  strong  beams  at  w1 
and  u>2  interact  with  a  material  system.1"5  These 
experiments  have  been  called  four-wave  sum 
mixing  (4WSM)  for  the  case  up  =  2u1  +  u>2,  and 
three- wave  mixing  (3WM)  for  the  case  cjp  =  2w1 
-  0)2.6  The  latter  case,  when  connected  only  with 
Raman  resonances,  has  also  been  called  CARS 
(coherent  anti-Stokes  Raman  spectroscopy).5  In 
the  transparent  region  of  a  material  system,  x(3) 
is  generally  a  slowly  varying  function  except  when 
an  intermediate  frequency  is  close  to  a  two-photon 
resonance  of  the  material.  For  the  mixing  pro¬ 
cesses  u)p  -  2 w1  ±  w2  these  intermediate  frequencies 
are  20^  and  col  ±  co2. 

The  usefulness  of  the  third-order  mixing  experi¬ 
ments  is  largely  connected  with  the  fact  that  even 
though  x(3>  is  measured  in  a  parametric  mixing 
process  in  which  the  material  system  does  not 
change  its  quantum  state,  the  different  resonant 
contributions  of  y<3>  are  proportional  to  Raman 
and  two-photon  absorption  (TPA)  cross  sections.7 
Moreover,  these  resonant  contributions  coherently 
add  to  x<3\  and  the  resulting  interference  effects 
allow  a  wealth  of  information  to  be  extracted  from 
the  experiments.  For  example,  accurate  values 
of  TPA  cross  sections  can  be  normalized  to  known 
Raman  scattering  cross  sections  by  measuring  the 
dispersion  of  the  3WM  susceptibility  near  a  Raman 
resonance.1’8 

We  report  here  a  generalization  of  the  3WM  ex¬ 
periment  to  the  use  of  three  different  variable  in¬ 
put  frequencies  co{  {i  =  0,1,2)  where  we  consider 
the  third-order  mixing  process  wp  =  w0  +  wl  -  oo2. 
This  new  type  of  mixing  experiment  [  which  will 
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be  called  four- wave  difference  mixing  (4WDM)] 
is  a  useful  spectroscopic  tool  for  the  investigation 
of  different  two-photon  phenomena.9  This  investi¬ 
gation  can  be  done  for  resonances  in  a  variety  of 
spectral  regions  using  laser  sources  confined  to 
experimentally  convenient  spectral  regions.  It  is 
possible,  for  example,  to  compare  far  IR  Raman 
cross  sections  with  those  of  standard  calibrated 
Raman  lines  in  the  IR  and/or  with  TPA  cross  sec¬ 
tions  in  the  UV,  all  using  only  visible  laser  fre¬ 
quencies  .  (In  the  cases  of  wp  =  w0  +  +  u>2  and 

cj)p  =  2  co1  +  u>2  only  a  comparison  between  different 
TPA  cross  sections  is  possible.)  Resonant  phe¬ 
nomena  of  different  materials  can  be  compared 
using  the  composite  sample  technique  of  Leven- 
son.10  Since  the  probe  beams  used  in  the  measure¬ 
ment  are  only  weakly  attenuated  by  one-  and  two- 
photon  scattering  processes,  the  measurements 
of  x<3)  reflect  the  bulk  characteristics  of  the  ma¬ 
terial.  Thus,  very  accurate  bulk  measurements 
can  be  performed  on  the  Raman  and  TPA  cross 
sections  in  different  spectral  regions  and  in  dif¬ 
ferent  samples. 

We  performed  the  4WDM  experiment  in  a  rela¬ 
tively  simple  material  system  with  two  sharp 
Raman  modes.  The  interference  between  the  con¬ 
tributions  of  these  Raman  modes  and  a  nonresonant 
background  is  observed  in  the  dispersion  curve  of 
X<3>  (-  w3,  w0,  wlf  -  w2)  when  both  w0  -  w2  and  wx  -  w2 
are  close  to  the  frequencies  of  sharp  Raman  lines 
of  the  material.  Preliminary  results  of  both  this 
experiment  and  the  interference  between  a  sharp 
Raman  and  a  TPA  contribution  were  reported  in  a 
previous  paper.11  In  the  present  work  we  describe 
in  detail  the  4WDM  interference  experiment  and 
analyze  quantitatively  the  experimental  results . 

Perturbation  theory  results  show  that  except 
for  a  small  frequency  dependence,  the  imaginary 
part  of  the  Raman  contribution  to  x<3)  is  directly 
proportional  to  the  spontaneous  Raman  cross  sec¬ 
tion.  Similar  relations  hold  between  the  TPA 
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cross  section  and  the  imaginary  part  of  the  TPA 
contribution  to  y<3).  We  will  discuss  under  what 
conditions  the  real  part  of  the  Raman  and/or  TPA 
contributions  to  x<3)  can  be  calculated  from  the 
imaginary  part  (i.e.,  the  experimental  scattering 
cross  section  of  the  corresponding  two- photon 
process)  using  Kramers- Kronig  dispersion  rela¬ 
tions  similar  to  those  obtained  in  the  case  of 
linear  response.  Using  these  dispersion  relations 
and  accurate  experimental  spontaneous  Raman 
cross  sections,  excellent  theoretical  fits  to  the 
dispersion  measurements  of  the  4WDM  suscep¬ 
tibility  were  obtained. 

II.  THEORY 

The  third- order  response  of  a  nonlinear  system 
to  the  action  of  some  force  can  be  characterized 
in  the  frequency  domain  by  a  third-order  nonlinear 
susceptibility  \  (3) .  If  three  electric  fields  E{ 


( i  =  a,  b,  c)  interact  with  a  nonlinear  material  system, 
the  induced  third-order  polarization  can  be  de¬ 
scribed  by7 

Pj13)(wp  =  wa  +  u)i,+ wc) 

=  xjf0)6r(-  wa>  ub,  «c)25>0)Efl(«6)£r  (wc). 

(1) 

Useful  expressions  for  y<3>  can  be  obtained  from 
perturbation  theory  expansions12*13  for  a  weakly 
interacting  assembly  of  distinguishable  molecules. 
For  simplicity,  we  will  deal  with  the  contributions 
to  x<3>  for  molecules  in  which  just  the  ground  state 
g  is  populated  and  only  one  energy  level  t  con¬ 
tributes  to  the  intermediate  resonance.  General¬ 
ization  to  other  cases  where  these  assumptions  are 
not  valid  is  straightforward.  With  the  above  as¬ 
sumptions,  x(3>  can  be  presented  as  a  sum  of  six 
terms: 


0,,,-K+uvMr,,  o^+K+wJ+fr*  Wt,-(0)a±u,cMr<# 

,  fir(—  !  gu„K,-  hQ/fl,  (<*>»,  ±  ttfe)  ,  /  *y(-  Ub,*Uc)gjJ-  ^a) 

wf,+  (wa±0)c)  +  irte  utt-  {ub±uc)-irtg  utg  +  {ub±wc)  +  irtg 

(2) 


where 


/6NLV'2^ 

(  PxthPynt  ,  PUP"  \ 

U3  )  h 

Kun-Vp-iT*  «v+«»+*r  *) 

f  iUt  u  )\jm\l/2y(  +  . 

fxy( *’  U3  ) 


(3) 


Here  up  =  ua  +  u>b±  wC)  N  is  the  density  of  the  mole¬ 
cules,  L  is  the  local  field  correction,  h  repre¬ 
sents  the  material  energy  levels,  P  is  the  dipole 
moment  operator,  is  the  energy  difference 
between  levels  h  and  g,  Eh-Eg,  and  the  factors 
T  are  phenomenological  resonance  widths. 

Equations  (2)  and  (3)  explicitly  show  that  x<3> 
includes  two  different  kinds  of  resonances.  The 
one -photon- type  resonance  occurs  when  a  funda¬ 
mental  frequency  cu,  {i  =  a,  b,  c),  or  the  output  fre¬ 
quency  onp,  is  equal  to  the  frequency  of  an  allowed 
one- photon  transition  of  the  material  system.  The 
two-photon  (or  intermediate)  type  resonance  oc¬ 
curs  when  a  combination  frequency  w,  +  U3y  ( i  *j 
=  a,b,c)  is  equal  to  the  frequency  of  an  allowed 
two-photon  transition  of  the  material  system. 

When  w,  and  wy  are  both  positive,  the  resonance 
is  of  the  TPA  type,  while  if  u{  and  u>y  have  op¬ 
posite  signs,  the  resonance  is  of  the  Raman  type. 

In  principle,  any  and  all  of  these  resonances  may 
be  present.  The  one-photon-type  resonances,  how¬ 


ever,  are  difficult  to  deal  with  experimentally,  so 
in  most  of  this  work  we  consider  transparent  ma¬ 
terials  in  which  the  frequencies  of  the  interacting 
electromagnetic  fields  are  far  from  any  one-photon 
resonance,  but  various  combinations  w,  +  wyare 
near  intermediate  resonances.  With  the  above  as¬ 
sumptions,  we  have  fxy(u>i,  coy)  =g*y(u{,  wy),  and 
these  terms  do  not  show  much  dispersion  in  the 
spectral  region  in  which  we  are  interested. 

An  important  special  case  described  by  Eq.  (2) 
is  the  two-photon  scattering  (TPSC)  susceptibility 
X<3,(-  w2>  wi>  w2,  -  cUj)  which,  besides  controlling 
parametric  mixing  processes  such  as  the  optical 
Kerr  effect,14’15  controls  TPA  and  Raman  scat¬ 
tering  processes.7  The  cross  sections  of  these 
effects  are  exactly  proportional  to  the  imaginary 
parts  of  the  corresponding  resonant  terms  of  the 
TPSC  susceptibility.  In  particular,  the  selection 
rules  for  the  appearance  of  resonances  at  co2  - 
in  the  TPSC  susceptibility  are  exactly  the  same 
as  those  for  spontaneous  Raman  scattering.16 
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By  examining  Eq.  (2)  and  assuming  that  no  one- 
photon  transition  is  close  to  resonance,  it  is  pos¬ 
sible  to  show  that  for  each  resonant  term  in  the 
expression  of  x<3>(-  up,  u>a,  wb,  ±  wc)  there  cor¬ 
responds  a  resonant  term  in  the  expression  of  a 
TPSC  susceptibility  with  the  appropriate  fre¬ 
quency  arguments.17  This  correspondence  is 
important  since  it  shows  the  exact  relations 
between  the  contributions  to  x(3>(-  wp,  wa,  w6,  ±  wc) 
and  two-photon  cross  sections.  For  example,  the 
Raman  contributions  to  the  4 WDM  susceptibility 
X(3>(-  w3,  <*>0,  «!,  -  w2)  for  co0,  Wj  <  u)2  can  be  well 
approximated  by  the  sum  of  the  Raman  con¬ 
tributions  to  the  TPSC  susceptibilities 
X(3)(-  w„,  w0,w2,-  w2)  and  x(3>(-  w1}  wa). 

(If  w0,w1>  w2J  the  corresponding  TPSC  resonant 
terms  describe  the  inverse  Raman  effect.18*15 

The  perturbation  expansion  for  x<3)  [  Eq.  (2)] 
predicts  a  Lorentzian  line  shape  for  the  various 
individual  resonant  contributions.  This  strongly 
suggests  (but  does  not  prove)  that  the  real  and 
imaginary  parts  of  each  resonant  contribution  to 
X<3>  are  related  by  Kramers-Kronig-type  (KK)  in¬ 
tegrals.  As  shown  by  several  authors,19  the  total 
susceptibility  obeys  KK  relations  by  virtue  of  very 
general  considerations.  In  itself,  this  fact  is  not 
useful,  since  the  imaginary  part  of  x(3)  is  mea¬ 
surable  only  in  limited  regions  of  the  spectrum. 
However,  since  the  KK  transforms  involve  the 
denominator  a/  -  w,  in  any  particular  case  state¬ 
ments  about  the  size  and  type  of  error  introduced 
by  the  use  of  only  limited  integration  regions  can 
be  made. 

We  use  the  well-established  arguments  of  the 
references  mentioned  in  order  to  get  useful  dis¬ 
persion  relations  between  Rex<3>(-  «*,  wa,  ws,  wc) 
and  Imx(3>(-  vp,  u>a,  yb,  wc).  Following  Kogan,20 
for  example,  using  the  reality  and  causality 
principles,  it  can  be  shown  that  for  fixed  u>0  and 
Wj  the  third-order  susceptibility  is  an  analytic 
function  of  the  complex  frequency  wc  in  the  upper 
half  complex  plane.  With  the  additional  assump¬ 
tion  that  limw  _,«,x <3>  =  ®  the  expected  dispersion 


relations  are 

obtained: 

“p: 

,  w«, 

ub,  wc) 

■  ir" 

lP 

f  ReXu3ttflr  Up,  U)a, 

u„,  w£) 

dw'c  , 

* 

<~uc 

(4a) 

^®Xiio6y(— 

ua, 

«*»«•) 

-  n~ 

ip 

C  bnx uaflv (-  wp>  wa> 

ub,  w') 

dw'c  . 

u'c-  U)e 

(4b) 

In  the  case  of 

the 

TPSC  susceptibility, 

using 

the 

crossing  and  the  general  permutation  symmetries 
of  x<3),13  the  KK  relations  for  the  elements 

WC>  -  ua,  C0c)  can  be  simplified,  for 
example, 

RexJ.aorf-  w2»«i»-  wi>w2) 


du't 


(4c) 


We  note  that  equations  similar  to  Eqs.  (4)  can 
be  obtained  using  wa  or  oob  as  the  variable  fre¬ 
quency.  As  expected  for  KK  transforms,  in  order 
to  calculate  the  total  real  part  of  x<3)  at  each  u>c, 
a  knowledge  of  the  entire  imaginary  spectrum  of 
X(3)  as  a  function  of  u>c  is  needed.  Of  course  this 
spectrum,  which  includes  different  one-  and  two- 
photon  resonant  contributions,  is  not  available. 

In  principle  the  resonant  contributions  to  Imx(3) 
for  positive  and  negative  values  of  wc  can  be  mea¬ 
sured  in  TPA  and  Raman  experiments,  respective¬ 
ly,  while  the  nonresonant  term  of  x<3)  can  be  mea¬ 
sured  in  a  parametric  mixing  experiment.  Actual¬ 
ly,  accurate  Raman  spectra  are  only  available  in 
regions  far  from  one-photon  resonance,  and 
similarly  in  the  case  of  TPA  cross  section  spec¬ 
tra.  Therefore,  the  integration  in  the  KK  rela¬ 
tions  is  limited  in  practice  to  the  spectral  re¬ 
gions  where  cross  section  data  are  available. 
However,  when  w0  is  far  from  one-photon  reso¬ 
nances  the  use  of  a  limited  integration  region  in 
Eq.  (4b)  introduces  only  a  small  error  in  the  cal¬ 
culated  real  part  of  y(3).  The  true  value  of  the 
real  part  of  x<3>  includes,  of  course,  additional 
contributions  which  in  general  can  be  well  ap¬ 
proximated  by  a  slowly  varying  function.  In  the 
case  of  the  4WDM  susceptibility,  x<3)(- w^,wa,w6,-u>c), 
if  wc  is  used  as  the  variable  frequency  in  the  KK 
transform,  no  dispersion  of  Rex<3>  originates  from 
the  TPA  contribution,  since  it  is  a  constant  in  this 
case.  However,  if  wa  or  wb  is  the  variable  fre¬ 
quency,  then  the  dispersion  of  the  TPA  contribu¬ 
tion  of  the  4 WDM  susceptibility  also  needs  to  be 
included.  Again,  for  wa,  u>b  and  wc  far  from  one- 
photon  transitions,  we  can  equate  the  TPA  con¬ 
tribution  to  the  4 WDM  susceptibility  to  the  cor¬ 
responding  contribution  to  x<3)(-wt,wa,Wj,-wa), 
and  in  turn  the  imaginary  part  of  this  susceptibility 
is  directly  measured  in  a  TPA  experiment.  (The 
real  part  of  this  contribution  is  an  important 
factor  in  self-focusing.21)  In  all  these  cases,  the 
nonresonant  terms  in  x<3)  will  contribute  a  slowly 
varying  complex  background  susceptibility  which 
is  measured  in  the  parametric  mixing  experi¬ 
ment.  In  practice,  the  background  term  is  con¬ 
sidered  as  an  experimentally  determined  param¬ 
eter. 
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We  can  obtain  from  Eq.  (2)  an  expression  for  the 
susceptibility  measured  in  the  4WDM  experiment 
reported  here.  Assuming  two  distinct  Raman 
levels  for  the  material  system,  no  one-photon 
resonance,  and  positive  intermediate  frequencies, 
the  diagonal  element  of  the  4WDM  susceptibility 
takes  the  form: 

X<3>(-U>3,  w0,  Wj,  -  w2) 

+  .Si  (wb-K  -  w2)-*r b 

+ _ Ac _ \ 

+  U)c- (wk-  U>2)~irc  )  (5) 

where  Xnr  describes  a  background  nonresonant 
susceptibility  which  is  to  a  good  approximation  a 
real  constant  in  the  narrow  spectral  region  of  the 
measurement;  A},  and  c Cj  ( j  ~B,C)  are  the 
strengths,  damping  parameters,  and  frequencies 
of  the  two  resonances,  respectively.  If  an  energy 
gap  of  the  material  system  is  close  to  the  inter¬ 
mediate  frequency  o>0+  wi;  an  additional  TPA 
resonance  term  should  be  included  in  Eq.  (5).  It 
is  clear  from  Eq.  (5)  that  for  frequencies  close  to 
the  double  resonance  condition  (see  Fig.  1)  the  two 
distinct  Raman  resonances  contribute  coherently 
to  the  4 WDM  susceptibility  and  thus  interference 
between  them  can  be  obtained .  This  is  not  pos¬ 
sible  in  the  incoherent  spontaneous  Raman  scat¬ 
tering  process. 

Using  Eq.  (5)  with  some  reasonable  material 
parameters,  we  plot  logx<3>  as  a  function  of 
w0  -  w2  and  -  u>2  in  the  vicinity  of  the  two  strong 
Raman  resonance  frequencies  of  the  sample,  in 
a  three-dimensional  (3D)  perspective  in  Fig.  2. 
The  four  peaks  seen  in  the  3D  graph  correspond 
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FIG.  1.  Schematic  description  of  the  double  resonance 
condition.  Only  the  Raman  energy  levels  of  the  mixture 
sample  close  to  resonance  are  shown. 


FIG.  2.  Plot  of  log|x<3)(-o>3,  n>0,  coj,  —  co2) I  versus  the 
two  intermediate  frequencies  coo—  a>2  and  u>i  —  cv2.  The 
cuts  I-V  represent  typical  4WDM  curves,  while  the 
diagonal  cut  VI  represents  a  3WM  curve. 

to  the  four  possible  resonances  in  Eq.  (5).  The 
two  peaks  along  the  u>0  -  u>2  =  cu1  -  u>2  diagonal  cor¬ 
respond  to  the  usual  3WM  experiment,  while  the 
other  two  peaks  correspond  to  the  double- reso¬ 
nance  condition.  A  detailed  discussion  of  the  shape 
of  this  two-dimensional  surface  will  be  given  in 
the  next  section. 


III.  EXPERIMENT 

The  three-wave  mixing  experimental  arrange¬ 
ment  described  by  Levenson  and  Bloembergen1 
was  modified  so  that  one  of  the  Hansch-type  dye 
lasers  emitted  two  parallel  beams  at  different 
frequencies,  u>0  and  <x>l,  separated  by  about  200 
cm' 1 .  This  was  accomplished  by  forming  two 
separate  cavities  from  the  original  laser  cavity, 
as  shown  in  Fig.  3.  Since  two  separate  regions 
in  the  dye  cell  are  used  as  the  active  medium,  the 
competition  between  the  output  lasing  wavelengths 
should  be  minimized,  and  by  careful  alignment  of 
the  cavities,  each  output  wavelength  can,  in 
principle,  be  tuned  separately  over  the  gain  curve 
of  the  dye  solution.  Actually,  we  observed  strong 
fluctuations  in  the  intensity  of  the  beam  at  a>0. 
However,  the  use  of  a  reference  crystal  obviated 
this  problem,  and  so  we  did  not  try  to  minimize 
these  fluctuations  by  adjusting  the  laser.  (The 
double  wavelength  laser  of  Ref .  22  was  not  used 
here  because  the  use  of  two  separate  gratings  is 
more  convenient  for  obtaining  two  independently 
tunable  output  wavelengths.)  A  second  dye  laser 
was  operated  at  frequency  u)2.  The  three  laser 
beams  were  vertically  polarized. 
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FIG.  3.  Schematic  diagram  of  the  double  wavelength 
laser. 

All  three  beams  were  divided  by  beamsplitters 
and  sent  through  both  a  NaCl  reference  crystal  and 
the  sample.  The  vertically  polarized  component 
of  the  output  signals  at  w3  =  u>0  +  -  w2  from  the 

reference  and  the  sample  were  averaged  over 
several  pulses  and  then  divided  to  cancel  fluctua¬ 
tions  in  laser  intensity.  The  log  of  the  ratio  was 
recorded  versus  the  frequency  difference  uij  -  ou2, 
while  co0-  u>2  was  held  constant.  The  phase-match 
conditions  for  the  three  mixing  processes  u>3 
=  u>0  + co2,  u>'=2o>0- co2,  and  co''=2w1-  o>2  are 
very  similar.  The  output  therefore  consisted  of 
three  almost  collinear  beams  at  oj3,  u>3,  and  w3'. 
The  light  at  u>3  was  separated  from  the  other  two 
frequencies  by  the  use  of  0.5-m  Spex  double  mono¬ 
chromators.  Because  only  co1  was  changed  during 
a  particular  scan,  u>3  also  changed,  and  the  mono¬ 
chromators  had  to  be  periodically  adjusted.  With 
the  relatively  broad  slits  used  in  the  monochro¬ 
mators,  this  adjustment  did  not  influence  the  re¬ 
sulting  experimental  curves. 

The  sample  used  was  a  10-mm-long  standard 
spectroscopic  cell  filled  with  a  1:1  mixture  (by 
volume)  of  reagent-grade  benzene  and  cyclohexane. 
Both  of  these  liquids  have  strong,  well-defined 
Raman  modes.  The  line  shapes  and  relative 
strengths  of  the  Raman  modes  of  the  solution 
were  measured  with  a  commercial  Cary  82  Raman 
spectrometer.  The  solid  lines  in  Fig.  4(b)  show  the 
Raman  spectrum  of  this  mixture  near  the  cyclo¬ 
hexane  mode  at  802  cm'1  and  the  benzene  mode  at 
992  cm'1.  Note  that  the  two  strong  structures 
shown  in  Fig.  4(b)  include  contributions  from 
satellite  modes  which  perturb  the  smooth  Lo- 
rentzian-like  main  lines. 

We  will  describe  first  the  relatively  simple 
3WM  experiment  performed  with  the  solution 
sample.  This  experiment  was  done  in  order  to 
determine  Xnr>  the  nonre sonant  background  sus- 


FIG.  4.  (a)  Experimental  3WM  curves  and  theoretical 
fits  for  the  1:1  benzene-cyclohexane  mixture,  (b)  Spon¬ 
taneous  Raman  cross  section  (solid  line)  taken  with 
5145-A  Ar*  laser  line  with  0.4-cm'1  spectral  slits,  and 
corresponding  real  part  (dashed  line)  obtained  as  de¬ 
scribed  in  the  text.  Together,  these  make  up  the  com¬ 
plex  Raman  contribution  to  x<3).  The  value  of  x^  ob¬ 
tained  from  fitting  the  3WM  curves  is  also  shown.  Note 
the  minima  in  the  3WM  curves  occur  where  x(3)R  cancels 
the  real  part  of  the  Raman  contribution. 

ceptibility  of  the  solution.  The  3WM  susceptibility 
X<3)(-  u>3,  ft,  ft,  -  u>2 )  was  measured  in  the  vicinity 
of  the  resonant  Raman  modes.  For  one  run  cOj 
was  used  for  ft,  so  that  u>1  -  w2~  u>c,  and  for  the 
other  co0  was  used  for  ft,  with  u>0  -  a>2~  u>B.  The 
resulting  3WM  curves  are  shown  in  Fig.  4(a). 

Note  that  these  curves  correspond  to  cut  VI  along 
the  diagonal  in  the  3D  surface  in  Fig.  2. 

In  order  to  predict  theoretically  the  curves 
shown  in  Fig.  4(a),  we  used  an  expression  similar 
to  Eq.  (5)  but  including  the  contributions  of  all  the 
different  Raman  modes  which  appear  in  our  spec¬ 
tral  region.  We  determined  the  contribution  of  the 
Raman  modes  to  x(3>(-  w3,  ft,  ft,  -  w2)  by  fitting  the 
spontaneous  Raman  cross  section  spectrum  of  the 
sample  with  a  sum  of  imaginary  parts  of  Lorent- 
zians.  The  real  part  of  the  Raman  contribution 
is  the  Kramers-Kronig  transform  of  these  Lo- 
rentzians,  which  is  simply  their  corresponding 
real  parts.  As  was  discussed  in  Sec.  II,  since 
just  a  limited  portion  of  the  Raman  spectrum  is 
used,  some  small  contributions  from  far- lying 
Raman  modes  and  from  TPA  and  one-photon  reso¬ 
nances  are  lost.  Since  these  contributions  are 
smooth  in  our  limited  experimental  spectral  re- 
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gion,  we  can  approximate  them  by  a  constant, 
which  is  included  in  the  background  term  xm ■ 
the  fitting  process  the  term  xnr  was  used  as  a 
variable  parameter.  The  theoretical  best  fits  to 
the  3WM  curves  appear  as  solid  lines  in  Fig.  4(a). 
The  two  values  of  Xnr  obtained  from  fitting  each 
curve  separately  agree  to  within  5%.  The  line- 
widths  of  the  lasers  were  included  in  the  fitting 
process.1  Best  fits  were  obtained  with  widths  of 
0.1  cm"1  for  S2  =  and  0.6  cm"1  for  =  u>0.  As 
explained  in  Ref.  1,  these  values  are  actually  the 
widths  of  the  “driving  force”  at  -  u>2  and  at  o>0 

-  co2.  The  experimental  value  of  Xnr  *s  repre¬ 
sented  by  the  horizontal  lines  in  Fig.  4(b).  It  is 
clear  from  Fig.  4  that  the  minima  in  the  3WM 
curves  are  located  close  to  the  points  where  the 
real  Raman  contribution  cancels  the  term  xnr- 

The  4WDM  experiment  was  performed  as  fol¬ 
lows.  The  frequency  difference  between  co0  and  co2 
was  set  to  correspond  to  a  particular  frequency 
between  940  and  1040  cm"1.  The  frequency  Wj 
was  then  scanned  so  that  -  w2  swept  over  the 
Raman  modes  near  802  cm"1.  The  set  of  curves 
produced  in  this  way  are  shown  in  Fig .  5 . 

As  w0  -  u>2  varies  in  steps  over  the  strong  Raman 
line  at  992  cm"1,  the  shape  of  the  resonance  curve 
for  Wj-  o)2«802  cm"1  changes  drastically.  The 
minimum  first  disappears,  then  reappears  on  the 
other  side  of  the  Raman  peak,  and  finally  moves 
back  to  the  original  side.  The  behavior  of  these 
spectra  as  a  function  of  w0  -  u>2  and  -  oj2  is 
clearly  shown  in  Fig.  2,  and  this  behavior  can  be 
easily  explained  by  examining  Eq.  (5). 

Focusing  attention  on  the  cuts  in  Fig.  2  marked 
I-V,  parallel  to  the  w1  -  o>2  axis  (i.e.,  across  the 
cyclohexane  resonance),  there  is  a  pronounced 
change  in  shape  of  the  cuts  as  u>0  -  w2  is  varied 
in  steps  across  the  benzene  resonance.  For  u>0 

-  u>2  far  from  the  benzene  Raman  resonance  fre¬ 
quency  (cuts  I,V)  the  cyclohexane  resonance  curve 
looks  similar  to  the  usual  single-resonance  3WM 
curve,  with  the  antiresonance  on  the  high-fre¬ 
quency  side  of  the  resonance.  The  antiresonance 
in  the  4WDM  curves  occurs  close  to  the  frequency 
where  the  real  part  of  the  cyclohexane  Raman  con¬ 
tribution  cancels  the  effective  “background”  sus¬ 
ceptibility,  which  is  xnr  P*us  the  real  part  of  the 
benzene  Raman  contribution.  The  location  of  the 
antiresonance  is  determined  by  the  relative  in¬ 
tensities  and  signs  of  the  cyclohexane  Raman  and 
the  effective  background  contributions.  For  w0  -  u>2 
near  the  peak  in  the  benzene  resonance  (cut  n), 
the  cyclohexane  resonance  appears  as  a  relatively 
small  bump  on  the  large  background  due  to  the 
strong  resonant  contribution  of  the  benzene.  For 
gl>0  -  u>2  between  the  maximum  and  minimum  in  the 
benzene  resonance  (cut  IE),  the  cyclohexane  anti¬ 


resonance  is  on  the  low-frequency  side  of  the  reso¬ 
nance.  This  shift  in  position  occurs  because  the 
effective  background  susceptibility  is  now  nega¬ 
tive.  For  u)0-  co2  near  the  minimum  in  the  benzene 
resonance  curve  (cut  IV)  the  nonresonant  sus¬ 
ceptibility  xnr  1S  nearly  cancelled  by  the  real  part 
of  the  benzene  resonance  contribution,  so  the  cy¬ 
clohexane  resonance  appears  much  more  pro¬ 
nounced  over  the  weak  effective  background.  The 
real  contributions  shown  in  Fig.  4(b)  can  be  used 
to  find  the  frequency  where  Xnr  is  cancelled  by  the 
real  part  of  the  benzene  resonance  in  the  4WDM 
susceptibility.  However,  one  should  remember 
that  the  Raman  contribution  in  4WDM  case  is  only 
half  as  large  as  in  the  3WM  case,  while  there  is 
no  difference  in  the  value  of  Xnr* 

For  the  detailed  theoretical  fit  of  the  4WDM 
curves,  only  the  values  of  Xnr  and  the  complex 
Raman  contribution  are  needed  (see  Fig .  4).  xnr 
was  established,  as  described,  by  the  3WM  ex¬ 
periment.  The  complex  Raman  contribution  was 
obtained  from  the  experimental  Raman  cross  sec¬ 
tion  as  explained  before.  Thus,  without  any  ad¬ 
justable  parameters  we  obtained  the  very  adequate 
theoretical  fits  to  the  4WDM  curves  as  shown  in 
Fig.  5.  The  relative  sensitivity  of  the  shape  of  the 
curves  to  the  complex  contribution  of  the  benzene 
mode  depends  on  u>0  -  a>2.  The  shape  of  the  cyclo¬ 
hexane  resonance  is  most  sensitive  in  the  region 
where  Xnr  1S  almost  cancelled  by  the  real  con¬ 
tribution  of  the  benzene  mode  (Fig.  4).  In  this 
region  the  fit  shown  in  Fig.  5  could  not  have  been 
achieved  at  all  without  including  the  detailed  Raman 
cross  section  of  the  benzene,  since  the  contribu¬ 
tion  of  the  small  satellite  lines  near  992  cm"1  is 
very  important  in  this  region. 

IV.  CONCLUSIONS  AND  SUMMARY 

We  have  described  a  new  nonlinear  mixing  ex¬ 
periment  in  which  the  interference  between  two 
distinct  Raman  resonant  contributions  is  investi¬ 
gated.  Using  three  different  variable  frequency 
laser  beams,  it  was  possible  to  sweep  two  inde¬ 
pendent  intermediate  frequencies  through  Raman 
resonances  and  to  obtain  a  set  of  curves  describing 
the  “dispersion  surface”  of  x<3).  These  curves 
were  fitted  quite  well  by  the  use  of  the  spontaneous 
Raman  spectrum  of  the  sample.  The  information 
about  the  Raman  contributions  obtained  from  the 
4WDM  experiment  is  more  complete  than  that 
achieved  in  a  spontaneous  Raman  scattering  ex¬ 
periment,  since  the  4 WDM  results  include  the 
real  part  of  the  Raman  contribution  in  addition 
to  the  imaginary  part.  Also,  in  the  4 WDM  experi¬ 
ment  a  direct  and  accurate  comparison  of  the  two 
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FIG.  5.  Experimental  results  and  theoretical 
fits  of  the  4WDM  experiment.  The  variation  of 
X(3)  (—  a>3,  cl>o,  coj, -co2)  is  shown  as  o>i-o>2  scans  over  the 
802-cm"1  cyclohexane  resonance  for  various  w0-  u2 
values  near  the  992-cm"1  benzene  resonance.  The  gen¬ 
eral  trend  of  these  curves  follows  that  of  the  cuts  I-V 
in  Fig.  2.  The  theoretical  curves  were  drawn  using  the 
Raman  and  background  contributions  shown  in  Fig.  4(b). 

Raman  strengths  is  possible,  even  for  modes  with 
rather  different  Raman  frequencies.  Comparison 
of  Raman  strengths  with  TPA  cross  sections  is 
also  possible.1’8'11’23 


We  note  that  destructive  interference  between 
the  Raman  modes  may  be  obtained  by  allowing  u>2 
to  lie  between  u>0  and  ior  Then  the  signs  of  the 
imaginary  parts  of  the  two  Raman  contributions 
will  be  opposite.15  In  systems  far  from  one-photon 
resonances  this  type  of  experiment  gives  equiva¬ 
lent  information  as  the  case  of  w0,  co1  >  u>2,  and  the 
use  of  both  cases  gives  a  check  for  the  presence 
of  experimental  difficulties  such  as  unwanted  scat¬ 
tered  light.  However,  in  a  near  one- photon  reso¬ 
nance  case  (i.e.,  resonance  Raman)  different  in¬ 
terference  effects  are  expected  when  the  sign  of 
one  of  the  intermediate  frequencies  is  changed, 
leading  to  more  information  about  the  levels  in¬ 
volved. 

The  sensitivity  of  the  3WM  experiments  for  the 
measurement  of  a  Raman  spectrum  at  u>1  -  u>2  is 
inherently  limited  by  the  real  nonresonant  back¬ 
ground  susceptibility  y  ^  and  the  complex  broad¬ 
band  TPA  resonance  contributions  at  10,,+  w,.  The 
net  real  background  contribution  can  be  minimized 
in  the  4WDM  experiment  by  cancelling  it  with  the 
real  contribution  of  the  resonance  at  w0  -  u>2.  By 
judicious  choice  of  concentrations,  it  also  will 
often  be  possible  to  cancel  the  effective  imaginary 
background  by  letting  w0<  w2,  thus  making  the  sign 
of  the  imaginary  part  of  the  Raman  resonance  at 
cu0  -  co2  opposite  to  the  sign  of  the  TPA  imaginary 
background.  In  this  case,  the  signal  at  w0+  u^-  w2 
is  due  only  to  the  Raman  features  at  cuj-  co2,  just 
as  in  a  spontaneous  Raman  experiment.  This 
should  allow  for  investigation  of  weak  Ftaman  lines 
or  dilute  samples,  even  in  cases  of  significant 
TPA. 
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The  production  of  light  at  the  combination  frequency  2a>,-a>j  by  two  incident-tunable  coherent  beams  at  the 
frequencies  to,  and  a>:,  respectively,  has  been  studied  in  CuCl,  as  2to,  is  varied  across  the  Zj-exciton-polariton 
dispersion  curve,  and/or  to,  —  co;  is  varied  across  the  longitudinal  phonon-polarilon  dispersion  curve.  The 
interference  of  the  excitonic  and  Raman  resonances  with  the  nonresonant  electronic  nonlinear  susceptibility 
gives  new  information  about  the  nonlinear  properties  of  the  Z3  exciton  and  its  damping  as  a  function  of 
temperature.  A  detailed  theoretical  and  experimental  comparison  with  earlier  work  on  two-photon  absorption 
and  second-harmonic  generation  in  CuCl  is  presented. 


I.  INTRODUCTION 

The  pioneering  work  of  Maker  and  Terhune1  in 
creating  radiation  at  the  anti-Stokes  frequency  2tc, 

-  u»2  by  two  light  beams,  with  a  difference  in  fre¬ 
quency  uq  -ut2  close  to  a  vibrational  resonance  of 
a  molecule,  has  been  followed  in  recent  years  by 
extensive  investigations  of  the  generation  of  com¬ 
bination  frequencies.  The  systematic  study  of  the 
frequency  dependence  of  third-order  nonlinearities 
has  been  made  possible  by  the  availability  of  tun¬ 
able  coherent  beams.  Dye  lasers  can  cover  nearly 
continuously  the  region  of  the  near  ultraviolet  to 
the  near  infrared,  from  about  0.3  to  1.1  gm  wave¬ 
length.  Parametric  oscillators  may  be  used  to  gen¬ 
erate  tunable  radiation  farther  in  the  infrared.  The 
generation  of  the  combination  frequency  2o),  -oo, 
is  particularly  attractive  because  it  permits  the 
study  of  dispersive  properties  near  the  intermedi¬ 
ate  frequencies  2wj  and  -u>2.  These  may  typi¬ 
cally  lie  in  highly  absorbing  ultraviolet  and  infrared 
regions  of  the  spectrum,  while  the  light  beams  at 
u,,  ur,,  and  oj.,  =  2o>,  -  all  lie  in  the  transparent 
region  of  the  material  being  investigated. 

Alkali  and  earth-alkali-metal  vapors  and  centro- 
symmetric  crystals  have  been  extensively  studied 
using  this  technique.'’  This  work  has  been  sum¬ 
marized  in  several  recent  review  papers. 1-5  The 
relevant  theory  in  noncentrosymmetric  crystals 
has  also  been  reviewed.6 

The  present  paper  presents  a  comprehensive 
study  of  the  generation  of  radiation  at  2 o,  -  u>_.  by 
three-wave  mixing  in  the  noncentrosymmetric  cu¬ 
bic  crystal  CuCl  which  has  43m  symmetry.  Some 
preliminary  results  have  been  reported  earlier.7 

Cuprous  chloride  at  liquid-helium  temperature 
shows  a  sharp  excitonic  structure  which  has  been 
studied  extensively  by  linear  spectroscopy. B-1J 
Cardona1'  has  pointed  out  that  CuCl  is  the  only 
known  zinc-blcnde-type  semiconductor  with  a  non¬ 
degenerate  highest  valence  band  at  the  center  of 

14 


the  Brillouin  zone.  The  lowest  exciton  level  is  con¬ 
sequently  a  particularly  sharp  Z3  excitation.  At 
4.2  °K  this  Z3  exciton  causes  a  sharp  absorption 
line  near  3860  A,  with  a  linear  absorption  depth  of 
about  3  x  10""  cm.  As  a  result  the  high-absorption 
linear  spectroscopy  must  be  carried  out  in  very 
thin  films8"10  or  by  reflection  techniques. 12  In 
either  case  only  excitons  close  to  a  surface  are 
probed.  Their  properties  may  be  altered  by  phys¬ 
ical  and  chemical  contamination  of  the  surface  to 
which  CuCl  is  particularly  vulnerable. 

Since  the  CuCl  structure  lacks  inversion  symme¬ 
try,  the  Z3-exciton  polariton  contributes  a  reson¬ 
ant  term  in  second-harmonic  generation  if  the  in¬ 
cident  photon  energy  is  at  half  the  exciton  energy.14 
Unfortunately,  this  method  is  extremely  sensitive 
through  the  phase- matching  condition  to  the  linear 
index  of  refraction  which  varies  markedly  near  a 
material  resonance.  This  makes  the  interpreta¬ 
tion  of  the  experimental  results  less  than  straight¬ 
forward.  In  addition,  as  in  the  linear  studies  only 
excitons  near  a  surface  can  be  studied.  In  con¬ 
trast,  in  two-photon  absorption  experiments16’16 
which  are  a  form  of  third-order  spectroscopy  the 
excitons  can  be  created  in  the  bulk  volume  of  the 
crystal.  The  resulting  excitation  can  then  be  de¬ 
tected  by  fluorescent  recombination  or  through  the 
attenuation  of  the  incident  beams. 

Theory"  predicts  a  close  relationship  between 
processes  at  2 w,.  induced  by  one  or  two  incident 
light  beams  at  o>,,  and  the  frequency  mixing  in¬ 
duced  by  light  beams  at  frequencies  cu,  and  us,, 
respectively.  The  three-wave  mixing  experiments 
involve  only  light  beams  in  the  relatively  nondis- 
persive  transparent  region  of  the  crystal.  The 
phase-matching  condition  is  only  weakly  dependent 
on  frequency.  The  exciton  can  be  probed  in  the 
bulk  volume  with  high  sensitivity,  and  this  method 
can  augment  the  information  about  exciton  proper¬ 
ties  found  in  lower-order  studies  in  a  significant 
way. 
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The  general  features  of  the  effective  third-order 
nonlinear  susceptibility  in  noncentrosymmetric 
crystals15  may  be  tested  in  the  simple  43 m  symme¬ 
try.  In  addition  to  direct  third-order  mixing  there 
are  contributions  by  a  two-step  process  proportion¬ 
al  to  {\[2J )2.  The  &harp  exciton  resonance  at  2ul 
provides  the  opportunity  to  see  the  interference  ef¬ 
fects  between  this  resonance  and  the  nonresonant 
nonlinearity  of  electronic  states  in  the  conduction 
bands.  Previously,  sharp  two-photon  resonant 
contributions  have  been  observed  in  alkali  vapors, 
but  for  these  the  nonresonant  contribution  is  neg¬ 
ligible  and  so  no  interference  is  seen.  Broad  fea¬ 
tures  of  a  two-photon  absorption  contribution  to  the 
light-mixing  process  have  been  reported  by  Leven- 
son  and  Bloembergen2  in  diamond  and  some  organ¬ 
ic  liquids,  but  these  would  not  permit  the  observa¬ 
tion  of  typical  interference  patterns.  Contributions 
of  the  Raman  resonance  of  the  phonon-polariton  in¬ 
frared  excitation  at  w1-u)2  can  be  observed  si¬ 
multaneously  with  those  of  the  exciton  resonance 
at  2u)l.  The  interference  effects  of  the  exciton  and 
phonon  polariton  with  each  other  and  with  the  non¬ 
resonant  nonlinearity,  briefly  reported  in  a  short 
communication,17  are  discussed  in  detail. 

A  review  of  the  general  theoretical  framework  of 
third-order  nonlinear  spectroscopy  will  be  given 
in  Sec.  II.  The  experimental  arrangement  used  in 
this  study  will  be  described  in  Sec.  Ill,  and  in  Sec. 
IV  the  experimental  results  will  be  presented, 

Their  analysis  yields  new  data  on  both  the  linear 
and  nonlinear  properties  of  cuprous  chloride  and 
its  exciton  and  phonon-polariton  excitations.  More 
details  than  could  be  incorporated  in  this  paper  can 
be  found  in  an  unpublished  doctoral  dissertation  by 
the  first  author.18 

H.  review  of  Nonlinear  response  theory 

OF  EXC1TONS 

The  theory  of  the  nonlinear  response  of  excitonic 
polaritons  is  formally  quite  similar  to  the  theory 
for  phonon  polaritons  which  was  developed  earlier. 
Among  others,  Flytzanis  and  Bloembergen6  and 
Boggettand  Loudon19,20  have  reviewed  the  nonlinear 
response  of  polariton  excitations  and  have  obtained 
essentially  identical  results.  The  general  formula¬ 
tion  of  Flytzanis  and  Bloembergen6  and  Yablonovitch 
et  'il.21  is  used  here  to  introduce  the  subject.  A 
generalized  exciton  coordinate  q)  describes  the  ex¬ 
citonic  degree  of  freedom  and  is  separated  from  all 
other  electronic  states.  This  procedure  is  useful 
if  a  single  excitation  is  near  resonance  and  its  res¬ 
onance  effects  on  the  linear  and  nonlinear  electro¬ 
magnetic  response  are  to  be  analyzed.  The  contri¬ 
butions  of  all  other  electronic  degrees  of  freedom 
are  lumped  together  in  nonresonant  linear  and  non¬ 


linear  susceptibilities.  The  Hamiltonian  is  devel¬ 
oped  in  an  ascending  double-power  series  in  the 
exciton  coordinate  Q  and  the  macroscopic  electric 
field  E : 


3C=  (—  Ne*EQ  +  jNAfu)2rQ2  -  h(  1  )£2) 

+  (-h(2)E3  +  M(2)  jQ3-jMaTE2Q -Ny(2)EQ2) 

+  (-  |A $3)E3Q  -  |  Arj3 <3)E2Q2  ~  N&3)EQ3 

+{JV£(3V-hf3)£*)-  0) 

In  this  expression  e*  and  M  are  the  effective  charge 
and  reduced  mass  of  exciton,  respectively,  while 
N  is  the  electron  volume  density  participating  in 
the  exciton  formation.  The  transverse  exciton  res¬ 
onant  frequency  is  o>r.  For  linear  properties  only 
the  first  bracketed  term  on  the  right-hand  side 
needs  to  be  retained.  The  other  terms  contain  var¬ 
ious  nonlinear  susceptibilities  and  coupling  coef¬ 
ficients.  Vector  subscripts  have  been  suppressed 
for  clarity.  The  polarization,  P  =  dK/dE,  derived 
from  this  Hamiltonian,  contains  the  following  first-, 
second-,  and  third-order  terms: 

P  =  {Ne *Q  +  x(  1 ) E)  +  {Net TEQ  *Ny(2)Q2  +  y(2)£2) 

+  {NP(?E2Q  +  N&3)EQ2  +  N&3  ]Q3  +  x(3)E3)- 

(2) 

The  force  driving  the  exciton  is  given  by  AT'(-33C/ 
a Q)  and  the  exciton  equation  of  motion  is  described 
by  an  anharmonic  oscillator  equation, 

MQ  +  MTQ  =  (-Mu2tQ  +  e*  E) 

4-(-f(2V  +  Tar£2  +  2y(2)£Q) 

+  ( 3  ]E3  +  ff23)E2Q  r  3  f)(/ !  EQ2  -  c(  3  }Q J). 


(3) 

F  is  a  phenomenological  damping  constant.  The 
electric  field  is  related  to  the  polarization  by  Max¬ 
well’s  wave  equation, 


V2E- V(V-f) 


l  a2E 
c2  a  t2 


_  4tt  a2p 

V  a  e  • 


(4) 


The  set  of  Eqs.  (2)-(4)  in  E.  P,  and  Q  must  be 
solved  iteratively.  If  only  linear  terms,  propor¬ 
tional  to  E  and  Q.  are  kept,  linear  exciton  theory 
is  recovered.  When  Q  is  eliminated,  the  linear 
relationship  between  P  and  E  leads  to  the  well- 
known  dispersion  characteristics  shown  in  Fig.  1, 
where  the  units  along  the  axes  are  appropriate  for 
CuCl.  In  this  crystal  spatial  dispersion  effects  are 
negligible.  In  the  wave-vector  range  of  interest 
there  is  no  k  dependence  of  the  effective  mass. 

The  slope  du/dk  for  an  electromagnetic  wave  in 
the  transparent  region  of  the  crystal,  at  about  half 
the  exciton  energy  shown,  is  also  indicated  in  the 
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FIG.  1.  Zj-exclton  dispersion  relations  in  CuCl.  The 
lower  branch  of  the  transverse  exciton  lies  lar  to  the 
right  and  is  not  shown  in  this  picture.  Only  the  horizon¬ 
tal  asymptote  TE  is  indicated.  The  nearly  vertical  line 
D  has  a  slope  u]/kl,  and  the  point  of  intersection  A  in¬ 
dicates  the  possibility  of  phase  matching  for  forward 
waves  in  second-harmonic  generation  [after  Frohlich 
(Ref.  16)]  TP  denotes  the  upper  transverse  exciton- 
polariton  branch  and  LE  the  longitudinal  exciton  branch. 

figure  by  line  D.  The  intersection  point  A  indicates 
the  possibility  of  phase  matching  for  forward  waves 
in  second-harmonic  generation  on  the  upper  trans¬ 
verse  exciton-polariton  curve.  This  is  due  to  dis¬ 
persive  effects  of  higher  excitonic  levels  and  con¬ 
duction  bands.  The  lower  transverse  branch  is  far 
to  the  right  of  this  line  and  is  not  shown  in  the  fig¬ 
ure.  Only  the  horizontal  asymptote  for  large  k  val¬ 
ues,  labeled  TE.  is  shown.  It  occurs  at  the  fre¬ 
quency  w  -u)T.  Linear  theory  gives  the  dispersion 

_ i 


relation 


fc2  =  — 
h  2 


4  nNc 


M  (wi  -  or  -  iu>r ) 


(5) 


As  noted  above,  e„  is  not  strictly  a  constant,  but 
contains  dispersion  due  to  higher-energy  levels. 
The  complex  index  of  refraction  has  been  mea¬ 
sured  by  Staude12  and  has  been  reproduced  by 
Haueisen  and  Mahr.14  The  longitudinal  exciton  res¬ 
onant  frequency  is  given  by  the  Lyddane-Teller- 
Sachs  relation 

=  ur(e0/e  J1/z.  (6) 

€ 0  and  are  taken  to  be  the  dielectric  constants 
in  the  dispersionless  regions  just  below  and  above 
the  exciton  resonance. 

If  the  procedure  is  iterated  for  the  nonlinear 
terms  in  Eqs.  (2)  — (4)  and  the  coordinate  Q  is  again 
eliminated,  one  obtains  to  third  order  in  the  elec¬ 
tric  field  the  nonlinear  polarization  in  the  form 

P"'  T&'EE  +  xWeEE.  (T) 

Here  x(eff  is  the  parameter  of  interest  for  second- 
harmonic  generation,  while  the  imaginary  part  of 
xU>  is  proportional  to  the  two-photon  absorption 
signal.  The  intensity  observed  in  a  three-wave 
mixing  experiment  is  proportional  to  |xfJr  |2.  Un¬ 
fortunately,  the  solution  for  x(e?f'  by  the  tedious  it¬ 
eration  procedure  contains  50  different  terms.6 
Considerable  simplification  is  possible,  however, 
based  on  the  fact  that  many  terms  do  not  have  a 
resonant  denominator  and  may  consequently  be 
combined  in  an  effective  nonresonant  coefficient. 
This  procedure  will  be  illustrated  for  the  second- 
order  susceptibility.  For  two  input  waves  at  u>' 
and  o>",  one  finds  that  the  polarization  at  the  sum 
frequency  is  given  by 


xlV(-  +  w").u>',  u>")  =  [2  -  fi(w'  -  w")] 


>  N  e*nr _ _N _ V* _ 

, 2M  D(u>  '7w ' ')  Af 3  D(u '  +  w ")D(w ')/?( w ") 

N  c*V2)  N  e*V2) 

+  M2  D(w'  +  a'")D(w')+M2  P(o>'  +  u")D{w") 


N  e* aT  .V  e”  aT  ( 2 
+  2 M  D(u')  +  2 M  D(u")*X  , 


(8) 


Here  the  shorthand  notation  for  the  denominator 
factors 

D( u>)  =  u>t  -  u>2  -  iuT 

has  been  introduced.  The  permutation  factor 
2  -  6(u)'  -  u>")  is  1  for  (indistinguishable  frequencies 
when  u>'  =  u>",  and  is  2  if  the  waves  are  distinguish¬ 
able. 

The  first  four  terms  all  have  resonant  denomina¬ 
tors  at  the  frequency  u>'  +  u>".  The  terms  in  £(21 


and>f2)  can  be  explicitly  dropped  and  yet  their  ef¬ 
fects  implicitly  included  by  a  suitable  redefinition 
of  nr.  This  coefficient  will  then  acquire  a  weak 
frequency  dependence  since  u>'  and  c o"  are  far  from 
material  resonances.  In  a  similar  manner,  the  ef¬ 
fect  of  other  nonresonant  terms  is  taken  care  of  by 
a  redefinition  of  \<2) .  It  can  also  be  shown  that  all 
effects  of  third-order  terms  in  and  can  be 
included  in  xf3)-  With  these  constants  so  redefined, 
the  set  of  Eqs.  (2)-(4)  reduces  to  the  following 
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equivalent  set: 

Pi  =  Xe*Qt  +  x(  1  )El  +  Nal^jQ,  + 

+  XukiEjEkEi, 

M (Qj  +  FQj  +  (tfj-Qj)  -  c*E^  +  2 &TjkE jEk> 

V2£  -rv(v.g)l 

V  t,  ivtv  dt2  -  c2  dt2  ■ 


(9) 

(10) 

(ID 


At  this  stage  Cartesian  subscripts  have  been  in¬ 
troduced  explicitly  for  the  vector  and  tensor  com¬ 
ponents.  The  iteration  procedure  to  third  order  is 
still  tedious,  but  straightforward.  For  two  non- 


collinear  beams  with  arbitrary  polarization  direc¬ 
tions  at  u,  and  w2,  respectively,  the  result  for  the 
three-wave  mixing  at  u)3  =  2u)l  -a>2,  with  an  inter¬ 
mediate  exciton  resonance  near  2u>1(  is,  for  the 
crystal  symmetry  4 3m,  described  by 

XuL.t"  ("U„w„w„-w2) 

=  “  EUlE»mn^lp+  EiJI 

'  IP 

^^i^pBpmn—Al„ih,hpA^jm)j  +Xijmn>  (12) 

where 


At  mlA 


inl^Plm 


-  ,r( NainiaLUm  _  BjrxUMJi.N 

\MDl{2Z,)  2MDr{  2«i)  —Tm  j 


2MDr(2w1)  ’ 


(12a) 


A'inlA’pim^(U- 


/\A/Dl(2o»1)  2MDr(2u1) 


(12b) 


W^Ox^X^J,.  (12c) 

Dim/eJxWtill  ( 1 2d) 


K 


_  €(fa>,  -U>2)  _ _ 

€  (w,  -  W2)  -  [«1€1/2(fa)1)»i,  -  -  W2)2  ’ 


(12e) 


.tr*{e%1)/[€(2w1)-c(wl)]}, 


(1  2  f ) 


aL  =  2"1/*t>£w  -  (8®e*/e  JxiSi  J. 

uL{ 2u>,)  =  u>2  -  (2u)j)2  -  iT (2wj), 
Dr(2u.1)=u)2r-(2u,1)2-ir(2u>1), 


(12g) 
(12  h) 
(12i) 


where  mi  is  the  unit  vector  in  direction  of  propaga¬ 
tion  of  beam  at  w(,  fij  is  theyth  Cartesian  compon¬ 
ent  of  2ih  ,/|2w  ,| ,  ftJ  is  the  jth  Cartesian  compon¬ 
ent  of  (rhl-0ia)/\ml-ma\,  e0  is  the  low-frequency 
dielectric  constant,  e„  is  the  high-frequency  di¬ 
electric  constant,  e(u>)  is  the  dielectric  constant  at 
frequency  oj,  and  u^((0/£.)«2T, 

Several  assumptions  which  are  valid  in  the  case 
of  CuCI  were  made  in  deriving  Eq.  (12).  These  are 
that  the  crystal  is  cubic,  that  the  Lyddane-Teller- 
Sacks  relation  holds,  that  light  near  the  exciton  en¬ 
ergy  is  highly  absorbed,  and  that  Kleinman  symme¬ 
try  can  be  used.  As  a  result  of  the  43w;  symmetry 
of  CuCI,  only  certain  components  of  af^,  x<J»,  and 
are  nonzero.  For  this  symmetry 

=  -  »„)(!  -  «„>U  -  «„>,  (13a) 

xi;.’ -x&’a -«,,)<> -«i, )»-»«>.  (MW 

and  the  only  nonzero  components  for  Xtjh  are 


xxxx  =yyyy  =  zzzz , 

yyzz  -zzyy  -  zzxx-  xxzz  -xxyy  - yyxx , 

(14) 

yzyz  -  zyzy  -zxzx- xzxz  --xyxy  =yxyx, 

yzzy  =zyyz  =  zxxz  =  xzzx  =  xyyx=y  xxy  , 

where  for  compactness  the  indices  have  been  used 
as  labels.  Kleinman  symmetry  results  in  the  fur¬ 
ther  equality 

yyzz =yzyz =yzzy. 

In  deriving  Eq.  (12)  only  the  forced  excitation  at 
2u1  has  been  kept.  The  corresponding  free-wave 
solution  necessary  to  match  the  boundary  condi¬ 
tions22  has  been  dropped.  At  the  entrance  surface 
of  the  crystal,  both  waves  have  about  the  same  am¬ 
plitude,  proportional  to  the  factor  [e(2a),)  -€(u),)]-1 
The  homogeneous  free-wave  solution  is,  however, 
very  heavily  damped,  as  e(2u»j)  has  a  large  imag¬ 
inary  part  in  the  frequency  range  of  interest.  The 
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forced  excitation  at  2<x>l  is,  of  course,  present 
throughout  the  whole  crystal,  because  the  wave  at 
u? i  propagates  without  appreciable  attenuation, 
since  €(0)!)  is  real.  In  second-harmonic  genera¬ 
tion14  one  measures  the  effect  of  this  forced 
wave  field  at  the  exit  face  of  the  crystal.  Only  the 
transverse  forced  excitation  gives  rise  to  a  second- 
harmonic  radiation  field.  In  the  two-photon  and 
three-wave  light-mixing  experiments,  the  longitu¬ 
dinal  forced  excitation  is  also  observable. 

For  further  discussion  it  is  expedient  to  consider 
three  simple  geometries,  shown  in  Fig.  2.  These 
take  advantage  of  the  43m  symmetry  properties  of 
the  odd- rank  tensors  afJk  and  X|J*  given  by  Eqs. 
(13a)  and  13(b). 


A.  No  exciton  resonance 

When  the  electric  fields  of  the  incident  waves  at 
oi,  and  w2  are  parallel  to  the  same  cubic  axis  as 
shown  in  Fig.  2(a),  no  exciton  (or  phonon)  polariton 
can  be  excited.  There  are  also  no  nonresonant 
electronic  polarization  and  driven  electric  fields 
at  the  intermediate  frequencies  2d),  and  o>,  -co2.  In 
this  geometry  Eq.  (12)  reduces  to  an  effective  y(3) 


FIG.  2.  Relative  configuration  of  the  crystal  axes  and 
the  propagation  and  polarization  directions  of  the  inci¬ 
dent  laser  beams.  Three  different  geometries,  dis¬ 
cussed  as  cases  in  Secs.  HA— IIC  and  IVA-IVC,  are 
shown. 


of  the  form 

xS,V  =  2x”'„  (15) 

The  observed  three-wave  mixing  signal  is  propor¬ 
tional  to  the  square  of  the  real  nonresonant  sus¬ 
ceptibility  component  {x[j]x)2-  There  is  no  second- 
harmonic  generation  and  no  two-photon  absorption 
in  this  configuration. 

B.  Transverse  polariton  excitation 

In  this  configuration  both  incident  waves  propa¬ 
gate  along  the  face  diagonal  [100]  and  both  are  po¬ 
larized  with  the  electric  field  along  [1T0|.  The  ex¬ 
citon  coordinate  and  second-harmonic  polarization 
are  excited  along  the  cubic  2  axis  [001],  according 
to  Eqs.  (13a)  and  (13b),  orthogonal  to  the  direction 
of  propagation.  The  set  of  Eqs.  (12)  reduces  in 
this  configuration  to 

xS  =3X<;>,x9Xy;,-  v(^)(x<y)! 

1 _ 1  2Afa2Tp  . 

€(20^)  -€(0),)  Dt( 2u>,)  M  ’  K 

where 

qtp  =  I  (» J2[e  „  -  c  (w  i)  ]  -  8ite  *  a 

—  DT(2u.l){M  /  N)%n(xill  )2.  (17) 

The  quantity  a  ^  displays  a  characteristic  inter¬ 
ference  between  the  nonresonant  susceptibility 
xiy«  and  the  excitonic  nonlinear  coupling  coefficient 
axyt.  This  type  of  interference  was  first  observed 
in  difference  frequency  mixing  in  infrared  phonon- 
polariton  modes  by  Faust  and  Henry.23  The  reso¬ 
nance  in  second-harmonic  generation  experiments 
in  CuCl,  observed  by  Haueisen  and  Mahr14  is  re¬ 
lated  to  .  It  may  be  expected24  that  e*ajy,  and 
x(2)  have  the  same  sign  for  2u>1<wr,  since  they 
both  represent  the  nonlinearity  of  electronic  states 
in  CuCl.  Whereas  cvxy{  refers  specifically  to  the 
split -off  exciton  state,  x(2)  represents  a  nonlinear 
property  averaged  over  all  the  higher  electronic 
bands.24  At  optical  frequencies  the  contribution  to 
X(2)  from  ionic  motion  is  negligible.  Thus,  at  low 
frequencies,  2u>,<wJ.,  one  may  expect  reinforce¬ 
ment.  Above  the  transverse  exciton  frequency  2 
>a>r,  but  below  the  higher  electronic  resonances  so 
X(2)  can  be  considered  a  constant,  the  real  part  of 
the  resonant  contribution  changes  sign  with  Dr( 2u>,). 
Here  destructive  interference  will  occur. 

Frohlich  ct  a/.19 ,2fi  observed  this  destructive  in¬ 
terference  in  the  intensity  of  two-photon  absorption, 
which  is  proportional  to  IMxVep  >  as  given  by  Eq. 
(16).  Although  a  resonant  denominator  DT( 2a>)  ap¬ 
pears  to  multiply  the  coupling  factor  ,  one 
should  not  expect  a  resonance  to  occur  for  2or,  =  wr. 
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■The  reason  is  that  precisely  at  this  frequency 
£(2^)  also  goes  through  resonance.  This  point  has 
been  discussed  in  detail  by  several  authors.25  The 
total  response  function  {[£(2^)  -e(u))]Dr(2u)1)}_1  is 
important,  and  its  effect  may  be  summed  up  in 
words  by  saying  that  a  resonance  effect  may  occur 
only  on  the  undamped  polariton  dispersion  curve, 
shown  in  Fig.  1.  For  two  light  waves  of  the  same 
frequency  traveling  in  the  same  direction,  reson¬ 
ance  would  occur  at  the  point  A  in  Fig.  1.  Frohlich 
was  able  to  tune  along  the  dispersion  curve  towards 
smaller  k  values  by  varying  the  angle  between  the 
two  light  beams.  Two-photon  absorption  occurs  at 
correspondingly  lower  frequencies.  The  intensity 
of  the  observed  signal,  proportional  to  1m 
with  u»j  =  w2,  is  reproduced  in  Fig.  3.  From  this 
curve  it  appears  that  =0  due  to  destructive  in¬ 
terference  in  Eq.  (17)  for  =  3.219  eV.  This  is 
accidentally  very  close  for  the  forward  resonant 
crossing  point  A,  which  occurs  at  2h<ol  =  3.217  eV. 
Frohlich  was  not  able  to  observe  two-photon  ab¬ 
sorption  if  the  angle  between  the  incident  beams 
was  smaller  than  30°. 

This  has  severe  implications  for  the  three-wave 
mixing  experiments  which  give  a  signal  propor¬ 
tional  to  |x<|>  |2.  According  to  Eq.  (16)  the"  res¬ 
onant  term  must  be  added  to  the  three  nonresonant 
terms  before  squaring.  For  the  light  waves  all 
traveling  in  the  same  forward  direction,  the  res¬ 
onant  term  would  be  very  small  for  the  same  rea¬ 
son  as  for  coUinear  two-photon  absorption.  It  could 


FIG,  3.  Integrated  two- photon  absorption  coefficient 
as  a  function  of  the  transverse  exciton- polariton  fre¬ 
quency.  The  vertical  scale  is  normalized  to  unity  for 
the  imaginary  part  of  x^p  o f  Eq.  (16)  for  2co,  =  oj£  [after 
frohlich  (Hef.  16)]. 


be  increased  again  by  taking  light  waves  traveling 
at  a  considerable  angle,  or  with  widely  different 
frequencies  cu,  and  w2.  Perhaps  it  should  be  em¬ 
phasized  again  that  the  observation  of  a  resonance 
is  equivalent  to  crossing  the  dispersion  curve.  Ex¬ 
perimentally  this  is  usually  done  by  keeping  the  di¬ 
rection  of  the  incident  light  beams  fixed  and  chang¬ 
ing  the  frequency  of  uq.  The  resonance  becomes 
sharper  in  frequency  for  two  light  beams  at  «, 
making  a  considerable  angle  with  each  other.  When 
they  travel  in  opposite  directions,  one  probes  the 
exciton  polariton  at  k  =  0.  In  this  case,  the  trans¬ 
verse  and  longitudinal  excitations  are  degenerate 
and  undistinguishable. 


C.  Longitudinal  exciton  configuration 


In  the  geometry  of  Fig.  2(c),  the  light  beams 
propagate  along  the  cubic  axis  [001],  while  their 
electric  fields  remain  parallel  to  the  [T 1 0 ]  face 
diagonal.  This  geometry  differs  only  from  the 
transverse  configuration  by  turning  the  crystal  90° 
around  the  [TlO]  direction.  The  second-harmonic 
polarization  and  exciton  coordinate  are  again  para¬ 
llel  to  [001],  which  is  now  also  the  direction  of  the 
wave  vector  21^.  For  this  configuration  the  set  of 
Eqs.  (12)  reduces  to 


y(3) 

*LE 


+ 


MDl{2u)x) 


(18) 


with 


2  (a 


(19) 


Equation  (18)  shows,  as  expected,  a  resonant  be¬ 
havior  for  2a)j  =  o>i,  where  the  longitudinal  polariton 
dispersion  curve  is  crossed.  As  remarked  earlier, 
u>L  is  a  constant  for  the  wave  vectors  of  interest. 

At  the  resonant  frequency,  2wl  =  u>L  >  wr,  there  is 
again  a  destructive  interference  in  the  nonlinear 
coupling  coefficient,  as  given  by  Eq.  (19). 

In  this  configuration  no  second-harmonic  genera¬ 
tion  of  radiation  can  be  detected  in  transmission 
because  of  the  longitudinal  character  of  the  polari¬ 
zation.  Two-photon  absorption  has,  however,  been 
observed  by  Frohlich  et  al.76  in  a  signal  propor¬ 
tional  to  Imx(L^,  with  w1  =  lo2.  The  three-wave 
light-mixing  signal  at  2wx  -  o>2  has  an  intensity 
proportional  to  Ixle'I2-  This  signal  exhibits  an  in¬ 
terference  between  the  real  part  of  the  resonant 
term  and  the  three  nonresonant  bracketed  terms 
occurring  in  Eq.  (18).  As  KuL  =  3.208  eV  is  now 
farther  removed  from  fiu)F=  3.219  eV  where  can¬ 
cellation  of  the  nonlinear  coupling  occurs,  and  as 
the  horizontal  longitudinal  dispersion  curve  is 
crossed  at  nearly  right  angles  for  a  variation  of 
the  frequency  wl(  the  opportunity  to  observe  a 
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sharp  resonance  is  much  better  in  this  longitudinal 
geometry. 


D.  Theory  of  double  resonance 


cause  of  the  possible  permutation  of  the  frequencies 
Wj  and  -u>2.  A  detailed  discussion  of  these  non¬ 
linear  dispersive  characteristics  will  be  postponed 
to  Sec.  IV. 


So  far  only  the  resonant  contribution  of  the  Z3 
exciton  has  been  considered.  Other  excitations 
may  be  considered,  separately  or  simultaneously, 
by  introducing  more  than  one  variable  Q.  In  three- 
wave  light- mixing  experiments  creating  an  output 
intensity  at  2a),  -  ui2,  intermediate  resonances  at 
2u1  and  u),-oi2  are  important,  as  was  already 
mentioned  in  the  Introduction.2  In  CuCl,  in  partic¬ 
ular,  interesting  double-resonance-interference 
effects  may  be  expected  if  2a);  is  near  the  Z3-ex- 
citon  resonance,  while  simultaneously  u)j  -  u>2  is 
close  to  the  longitudinal,  optical  phonon-polariton 
infrared  frequency  at  u>x.  The  symmetry  proper¬ 
ties  of  the  coupling  parameters  of  the  phonon  po- 
lariton  are  similar  to  those  for  the  exciton.  The 
three  geometries  of  Fig.  2  also  refer  to  the  cases 
of  no  resonance,  transverse  and  longitudinal  ex¬ 
citation  for  the  phonon  polariton.  A  resonance  can 
now  occur  at  an  intersection  of  the  difference  fre¬ 
quency  dispersion  curve  with  a  branch  of  the  un¬ 
damped  phonon  polariton  curve. 

This  can  be  treated  theoretically  by  introducing 
two  normal  coordinates  QE  and  QR  for  the  exciton 
and  phonon  polariton,  respectively.  Add  the  sub¬ 
script  E  to  all  quantities  referring  to  the  exciton 
to  distinguish  them  from  the  corresponding  quan¬ 
tities  for  the  phonon  polariton  which  are  labeled  by 
R.  The  phonon  polariton  can  be  excited  by  a  Ra¬ 
man-type  two-photon  process.  The  reduced  mass 
of  the  phonon  polariton  is  M R.  The  longitudinal 
phonon-polariton  frequency  is  u>LR  .  The  nonlinear 
coupling  coefficient  to  it  is  denoted  by  given 

by  an  expression  analogous  to  Eq.  (19)  or  (12g). 

All  preceding  arguments  may  be  repeated.  De¬ 
tailed  microscopic  considerations  and  complete 
calculations  of  Flytzanis''  show  that  the  effects  of 
the  two  resonances  are  additive.  The  longitudinal 
configuration  is  most  important  for  the  double¬ 
resonance-interference  phenomena  from  an  experi¬ 
mental  point  of  view.  The  observed  intensity  at 
2u)x  is  proportional  to  Ixldr  |2  *n  this  case, 
which  is  a  straightforward  extension  of  Eqs.  (18) 
and  (19) 


y(3)  =  3y(3)  +9/3)  - 

*LDR  Arrxt  u \xyxy 


32tt(x 


(2)\2 

IXA±. 


LR  \2 


4.Va(ow 


+  J^K^)2  , _ „ _ . 

M SD le(2wi)  M  rDlr(w  t  —  u>2) 


(20) 


The  resonant  frequency  of  the  longitudinal  optical 
phonon  mode  in  CuCl  occurs  at  0.026  eV  at  16  °K. 
The  Raman  term  contains  an  extra  factor  of  2,  be¬ 


E.  Local-Held  corrections 

Thus  far  the  fields  acting  on  the  electrons  have 
been  put  equal  to  the  macroscopic  fields  occurring 
in  Maxwell’s  equations.  For  extended  orbitals, 
which  probe  essentially  the  spatially  averaged 
microscopic  fields,  this  is  a  good  first  approxi¬ 
mation.  For  localized  orbitals  centered  at  a  point 
of  cubic  symmetry,  Lorentz- Lorenz-type  correc¬ 
tion  factors  must  be  applied.  For  direct  nonlinear 
processes  in  cubic  crystals  these  are  well  known,6 

v<*> 

U)  j  •  (t'j) 

-Xc2)(“  2cu1,u)l,(D1) 

x||{(3  —  A)  +  Ac  (2ui,)  ]  5  [(e  —  A)  +  Ae  (u>,)  ]2), 

(21) 

x\3)  ^ 

=  XcS)(-W3,Vi>a>1,-a>2) 

xIt[(3  -  A)  +  Ae  (Uj)]  j[(3  -  A)  +  Ae  (a>,)!2 
x  ![(3  -  A)  +  Ae(u>2)]| ,  (22) 


where  \(2)  and  y(3)  are  the  nonlinearities  actually 
measured  experimentally  and  x(c21  and  Xe3)  would  be 
the  susceptibilities  found  if  there  were  no  local- 
field  corrections.  A,  which  ranges  from  0  to  1,  is 
a  measure  of  the  localization  of  the  electron  eigen¬ 
states  in  real  space  and  so  is  a  parameter  that 
determines  the  importance  of  the  effect.  A  =  1  cor¬ 
responds  to  localized  point  wave  functions  and  so 
to  a  maximum  local-field  correction.  In  contrast, 
A  =  0  means  the  wave  functions  are  smeared  out 
over  the  unit  cell  and  so  no  local-field  effects  oc  • 
cur. 

Since  the  crystal  is  transparent  at  u>,,  cu/,  and 
w3,  e(u>,),  e(w2),  and  e(cu3)  are  real  constants  and 
the  local-field  correction  only  changes  the  value  of 
xfc3)  to  another  real  constant.  However,  e(2u>,)  has 
considerable  frequency  dispersion  for  2w1»wr  and 
so  if  local-field  effects  are  important,  also 
will  have  a  dramatic  frequency  dependence.  y(2) 
has  already  been  measured  in  a  secoXid-harrnonic 
generation  experiment.27  In  this  experiment  both 
the  fundamental  and  second-harmonic  waves  were 
in  the  transparent  region  of  CuCl.  This  energy 
regime  was  chosen  since  it  allows  the  most  ac¬ 
curate  determination  of  x<2'- 

Since  a  real  electric  field  is  generated  at  the  inr 
termediate  frequency  2cl>1  in  the  two-step  process 
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but  not  in  the  direct  process,  it  is  reasonable  to 
expect  an  additional  local-field  correction  for  the 
former  process.  This,  in  fact,  has  been  shown  to 
be  true,28  and  it  was  found  that  the  longitudinal  po- 
lariton  response  function  1/e (2^)  should  actually 
be  replaced  by  (T,'e(2u)1)]{(3  -  A)/[(3 -A)  +  Ae(2cul)|}. 
So  including  local-field  corrections  to  both  direct 
and  indirect  processes  means  that  should  be 
replaced  by  [~  (A)](x(s2  ))2,  where 

rM,  (3-A)f(3-.4),.4£(2u.,)| 

F(A> - ,23) 

and  x(s2)  is  the  value  for  the  second-order  optical 
susceptibility  found  in  the  second-harmonic  experi¬ 
ment.  The  function  F(  l)  varies  rapidly  only  in  the 
immediate  vicinity  of  u)T  when3. 195^2/iw,^ 3.205 eV. 
This  is  many  exciton  linewidths  away  from  the  lon¬ 
gitudinal  exciton  energy,  2/;u)I  =7/u>t  »  3.208  eV. 

The  local-fiela  effect  would  therefore  appear  main¬ 
ly  as  a  modulation  in  the  third-order  susceptibility 
below  the  exciton  resonance.  A  departure  from  a 
Simple  Lorentzian  near  the  excitgn  peak  due  to  the 
change  in  the  real  part  of  F{A)  near  2u)j~wt  might 
also  be  noticeable.  However,  as  seen  from  the 
experimental  results  that  will  be  presented  in  Sec. 
IV,  no  such  effects  were  apparent,  and  so  for  this 
experiment  at  least  the  local-field  effects  in  CuCI 
do  not  lead  to  an  additional  frequency  dependence. 

111.  EXPERIMENTAL  APPARATUS 

The  basic  requirement  of  nonlinear  optical  spec¬ 
troscopy  is  a  high-powered  tunable  laser  with  an 
output  in  the  proper  region  of  the  spectrum.  For 
the  experiment  described  in  this  paper,  this  nec¬ 
essity  was  met  by  the  use  of  a  ruby  laser  pumped 
tunable  dye  laser.1?  The  dye  laser  output  wave¬ 
lengths  required  for  this  study  are  determined  by 
the  conditions  that  ftu)x  +  ftu>2~  ftu  L  and  ftu'l-ftu2 
~>noR  where  ft  in  Planck’s  constant,  w,  and  w2  are 
the  dye  laser  angular  frequencies,  while  ftu)L  is 
the  energy  of  the  longitudinal  CuCI  Z3  exciton  and 
ftuR  is  the  energy  of  the  longitudinal  optical  Raman 
mode.  From  linear  measurements  ftuL  ~  3.208  eV 
and  ftuR*  0.026  eV  at  liquid-helium  tempera¬ 
tures13,29  and  so  the  required  laser  wavelengths  are 
A,  =  27TC/U), «  7700  \  and  X2  =  2irc/iu2=  7825  A,  where 
c  is  the  speed  of  light.  To  be  able  to  follow  tem¬ 
perature  shifts  of  the  exciton  and  to  scan  across 
the  full  structure  of  the  resonance,  the  lasers 
should  also  be  independently  tunable  over  the  range 
from  about  7600  to  8000  A. 

Fortunately,  several  reasonably  efficient  dyes 
are  known  to  function  in  this  region. 30  -  32  In  par¬ 
ticular,  two  polymethine  dyes  3,  3'-dimethyl- 2,  2'- 
oxatricarbocyanine  iodide  (DMOTC  iodide)  and 
1,3,  3, 1',  3',  3'-hexamethyl-  2, 2'-indotricarbo- 


cyanine  iodide  (HMITC  iodide)  purchased  from  Nip¬ 
pon  Kankoh-Shikiso  and  Eastman  Kodak  Chemical, 
respectively,  were  used.  Certified  grade  dimethyl 
sulfoxide  (DMSO)  supplied  by  Fisher  Scientific  was 
chosen  as  the  solvent  since  it  is  known  to  be  al¬ 
most  without  exception  the  most  efficient  vehicle 
for  polymethine  dyes.33’ 34  The  optimum  dye  con¬ 
centration  varied  with  wavelength,  but  a  mixture 
of  5x  10-5-mole/l  DMOTC  iodide  with  0.2  x  10-5 
mole,  1  of  HMITC  iodide  was  found  to  be  suitable 
over  most  of  the  energy  range  studied. 

The  ruby  laser  used  was  a  modified  Raytheon 
model  SS-420.  It  was  capable  of  producing  a 
stable,  actively  Q  switched,  polarized,  multimode, 
20-MW  pulse  at  a  repetition  rate  of  one  shot  per 
second.  This  relatively  high,  for  a  ruby  laser, 
pulse  rate  greatly  simplified  both  the  alignment  of 
the  experimental  optical  train  and  the  actual  taking 
of  data. 

The  experimental  apparatus  used  for  studying  the 
interference  in  y(3)  due  to  simultaneous  intermed¬ 
iate  frequency  excitation  of  a  Raman  and  exciton 
mode  is  shown  in  Fig.  4.  The  ruby  laser  beam  was 
physically  split  so  that  it  pumped  two  separate  re¬ 
gions  of  the  flowing  dye  cell.  One  portion  of  the 
cell  served  as  the  active  region  of  the  dye  laser 
that  produced  the  beam  at  u>,.  The  uther  pumped 
region  was  the  active  element  for  a  second  dye 
laser  which  served  as  the  source  of  photons  at  fre¬ 
quency  w2.  Since  two  photons  at  frequency  w,  are 
needed  for  every  photon  at  frequency  w2,  the  dye 
laser  at  was  adjusted  to  have  twice  the  energy 
per  pulse  as  the  dye  laser  at  w2  in  order  to  optim¬ 
ize  the  generation  efficiency  of  the  signal  at  2a), 

-  w2. 

The  cell  which  contained  the  dye  solution  consis¬ 
ted  of  a  304  stainless-steel  housing  2  cm  long  with 
uncoated  fused  silica  windows.  The  windows  were 

WISC  Iftftf  »T0«5 


UU9  UO 
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FIG.  4.  Schematic  of  experimental  apparatus  for  the 
generation  of  light  at  2uj{  -  u>2  by  two  tunable  incident 
dye  laser  beams  at  and  u>2,  respectively. 
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wedged  at  an  angle  of  5  with  respect  to  each  other 
in  order  to  prevent  intracell  feedback.  As  a  result 
of  the  high  gain  of  the  dye  laser,  the  uncoated  exit 
window  of  the  dye  cell  was  able  to  serve  as  the  out¬ 
put  mirror.  The  normal  to  this  window  which  was 
used  to  define  the  dye  laser  axis  was  at  an  angle  of 
about  2  °  with  respect  to  the  ruby  pump  beams. 

This  allowed  the  cell  to  be  essentially  longitudinally 
pumped  and  still  have  spatial  separation  of  the  dye 
and  ruby  rays. 

The  rear  cavity  reflectors  for  both  dye  lasers 
were  gold  coated,  1200  lines /mm  Bausch  and  Lomb 
No.  35-53-08-530  plane  gratings  which  were  blazed 
for  1  pm.  These  gratings,  which  were  used  in  sec¬ 
ond  order  in  a  Littrow  configuration,  served  as  the 
frequency  dispersive  elements  in  the  cavities.  The 
gratings  were  held  in  two  separate  Lansing  mounts 
equipped  with  differential  micrometer  screws  and 
could  be  tuned  independently. 

An  inverted  10X  telescope  (Oriel  B34-60)  was 
placed  between  the  dye  cell  and  the  grating  in  the 
dye  laser  cavity  which  generated  the  u,  photons 
for  the  purposes  of  beam  expansion  and  collima- 
tion.  This  ensured  that  the  light  striking  the  dis¬ 
persive  element  was  made  up  of  parallel  rays  and 
that  the  beam  illuminated  a  large  enough  number 
of  grooves  for  good  resolution. 

The  actual  outputs  of  the  dye  lasers  were  found 
to  be  multimode  pulses  with  a  15-nsec  full  width  at 
half- maximum  length  and  a  maximum  total  energy 
of  about  0.008  J/pulse.  This  gave  a  0.5-MW  pulse 
with  about  a  5%  power-conversion  efficiency.  The 
linewidth  of  the  w,  laser  was  measured  with  an  air- 
spaced  Fabry-Perot  etalon  to  be  about  0.1  A  ,  cor¬ 
responding  to  an  energy  resolution  in  2/ku,  of 
4x  10"5  eV  =  0.3  cm-1  which  was  fine  enough  to  re¬ 
solve  the  exciton  peak.  The  linewidth  of  the  w2 
laser  was  several  times  larger  than  this,  since 
this  laser  did  not  contain  an  intracavity  beam  ex- 
pender.  Dye  laser  output  wavelength  versus  micro¬ 
meter  screw  setting  at  various  wavelengths  in  the 
region  of  interest  was  found  photographically  using 
Polaroid  413  infrared  film  (no  longer  manufac¬ 
tured),  a  krypton  calibration  lamp  and  a  Spex  mod¬ 
el  1700-111  f-m  Czemy-Tumer  spectrometer. 

This  gave  an  absolute  wavelength  calibration  cor¬ 
rect  to  0.3  A  with  a  negligible  error  in  reproduci¬ 
bility. 

As  shown  in  Fig.  4,  the  output  of  the  dye  lasers 
at  frequencies  w,  and  u>2  first  passed  through  irises 
placed  about  50  cm  from  the  output  window.  This 
served  to  block  most  of  the  spontaneous  fluores¬ 
cence.  They  then  passed  through  100-cm-focal- 
length  lenses,  which  served  to  reduce  the  beam 
divergence.  A  single  air-spaced  Gian  laser  po¬ 
larizer,  which  had  a  rejection  ratio  of  10“'  was 
placed  in  the  optical  train  to  ensure  that  both  beams 


were  polarized  in  the  same  direction.  The  rays 
were  then  focused  and  overlapped  inside  a  CuCl 
sample  crystal,  which  was  placed  in  a  variable- 
temperature  helium  cryostat,  and  a  CuCl  refer¬ 
ence  crystal  by  means  of  separate  20-cm-focal- 
length  room-temperature  lenses  and  a  50/50  beam 
splitter.  Any  substantially  tighter  focusing  dam¬ 
aged  the  CuCl  crystals.  The  CuCl  reference  crys¬ 
tal  was  oriented  in  the  configuration  where  sym¬ 
metry  dictated  no  dispersion  in  Also,  since 

it  was  at  room  temperature,  the  exciton  and  Raman 
modes  were  heavily  damped  anyway. 

For  a  cubic  crystal,  using  the  material  under 
study  as  its  own  reference  greatly  simplifies  the 
phase- matching  requirements  of  the  experiment, 
since  the  same  angle  between  the  incident  beams 
can  be  used  in  both  arms  of  the  apparatus.  How¬ 
ever,  in  order  for  this  procedure  to  be  valid,  it 
must  be  shown  that  there  is  an  orientation  where 
X(31  is  independent  of  frequency.  A  preliminary 
set  of  experiments  in  which  the  three-wave  mixing 
signal  in  CuCl  was  compared  to  that  from  a  pri¬ 
mary  reference  crystal  of  NaCl,  which  was  known 
to  be  dispersionless  in  the  frequency  range  studied, 
demonstrated  that  this  was  indeed  true  for  CuCl, 
as  will  be  shown  in  Sec.  IV  A.  In  this  initial  ex¬ 
periment  only  one  dye  laser  was  used,  and  a  por¬ 
tion  of  the  ruby  beam  itself  contributed  the  photons 
at  u>2.  An  additional  set  of  prisms  in  the  sample 
arm  compensated  for  the  difference  in  phase  match 
matching  angles  in  the  two  materials. 

The  output  signal  as  a  result  of  the  nonzero 
phase- matching  angle  was  produced  at  an  angle  of 
about  1  “from  the  incident  beams,  and  therefore 
small  irises  placed  about  10  cm  from  the  crystals 
could  be  used  to  block  the  incident  photons  from  the 
rest  of  the  optical  train.  A  5-cm-focal-length  lens 
focused  the  output  signal,  which  passed  through  the 
iris  through  interference  filters  onto  the  entrance 
slit  of  a  spectrometer.  A  J-m  Jerral-Ash  was 
used  in  the  sample  arm,  and  a  |-m  Spex  was  used 
in  the  reference  arm.  Calibrated  neutral-density 
filters  could  also  be  inserted  at  this  point  to  pre¬ 
vent  the  detection  photomultiplier  from  saturating. 
While  the  spectrometers  were  useful  in  determin¬ 
ing  the  output  frequency  and  thus  served  to  check 
that  the  proper  three-wave  mixing  signal  was 
actually  being  observed,  their  additional  wavelength 
rejection  was  not  absolutely  necessary.  In  fact, 
during  an  experimental  run  the  spectrometer 
gratings  were  replaced  by  mirrors.  This  elimina¬ 
ted  the  need  to  tune  the  spectrometers  as  the  output 
wavelength  changed  during  the  course  of  the  ex¬ 
periment. 

The  signal  photons  were  detected  by  a  low-noise 
RCA  C31025J  photomultiplier  which  had  a  quantum 
efficiency  of  about  10%  at  the  output  wavelength 
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near  7600  A.  The  electrical  pulse  from  the  photo¬ 
multiplier  was  integrated,  amplified,  and  digitized 
using  standard  electronic  techniques.  An  oscillo¬ 
scope  was  used  to  monitor  the  amplifier  output  in 
order  to  check  for  signal  saturation.  A  number 
*  which  was  directly  related  to  the  number  of  signal 
photons  from  each  crystal  was  then  printed  on  an 
ASR33  teletype  and  tape  punch.  The  tape,  which 
had  information  on  amplifier  gain,  filter  factors, 
and  wavelength  entered  manually  on  it,  was  then 
read  and  analyzed  on  a  Hewlett-Packard  9820A 
programmable  calculator  using  a  special  data- re¬ 
duction  program  written  for  this  experiment. 

Before  starting  any  run,  three  checks  were  made 
to  ensure  that  the  output  signal  was  indeed  due  to 
the  three-wave  mixing  process  of  interest.  First 
the  spectrometer  was  used  to  make  sure  that  the 
output  signal  at  u>3  had  the  proper  frequency.  Sec¬ 
ond,  the  Wj  beam  was  blocked.  Since  a  signal  at 
2idj-u>2  requires  a  beam  at  u)lt  blocking  the  w, 
beam  should  eliminate  the  output  signal.  In  general 
a  small  signal  due  to  fluorescence  in  the  dye  cell 
and  scattering  in  the  crystal  remained.  A  similar 
test,  with  only  the  u>2  beam  blocked,  was  also 
made.  The  amount  of  electrical  noise  was  checked 
by  blocking  both  beams.  Noise  due  to  spurious 
light,  dark  current,  electrical  pickup,  and  all  other 
sources  could  always  be  adjusted  to  be  less  than 
l%.of  the  lowest-level  three-wave  mixing  signal 
measured  during  any  experimental  run. 

The  basic  experimental  procedure  for  the  study 
of  the  exciton  resonance  contribution  to  the  mixing 
nonlinearity  x( 3>(- 2cl>!  +  w2,w,,  w, ,  -  gj2)  was  to  mea¬ 
sure  the  intensity  /( 2u),  -o>2),  with  u>'2  kept  constant, 
while  2 W[  was  varied  through  the  frequency  range 
containing  the  exciton  resonances.  A  plot  of  the 
average  ratio  of  the  CuCl  signal,  at  each  frequency, 
to  the  signal  from  the  reference  crystal  would  then 
give  the  dispersive  behavior  of  |x(3)|2-  In  the  dou- 


X 

9 


0.1 


10  O  q  o®OOOOqoO®oOoqOO  o  o  o  o 


CD 

<I.O)xXxxx*xxxx*xxxxxxXxXxx 

A 


1 I_ 1  L 


3.205  3.210  3.215  3220 

PHOTON  ENERGY  2tiu,| 


FIG.  5.  Three- wave  mixing  signal  /( 2u>,  -  u>2).  as 
2u)]  is  varied  across  the  region  containing  the  fre¬ 
quencies  u>r,  and  indicated  in  Fig.  1.  The  exper¬ 
imental  points  x  refer  to  the  no-exciton  configuration 
of  Fig.  2(a).  The  experimental  points  O  refer  to  the 
transverse  exciton  configuration  of  Fig.  2(1)). 


ble-resonance  experiments,  2^  was  kept  constant 
in  the  vicinity  of  the  exciton  resonance,  while  w2 
was  varied  so  that  u>,  - o>2  was  swept  through  the 
infrared  phonon-polariton  resonance.  The  proce¬ 
dure  was  then  repeated  for  several  values  of  2a;, 
near  the  exciton’.resonance  peak. 

This  basic  plan,  however,  was  modified  some¬ 
what  to  eliminate  intrinsic  frequency  response  of 
the  experimental  system  which  was  still  present 
due  to  the  inequality  in  the  two  arms  of  the  com¬ 
parison  system.  A  frequency  run  was  always  made 
with  both  CuCl  crystals  in  the  no  excitation  con¬ 
figuration.  The  frequency  trends  still  occurring 
due  to  system  spectral  response  could  thus  be 
measured  and  the  data  in  the  sample  run  corrected 
correspondingly. 

IV.  EXPERIMENTAL  RESULTS  OF  THREE-WAVE  MIXING 
IN  CuCl 

These  results  will  be  presented  in  the  same  or¬ 
der  as  the  theoretical  treatment  in  Sec.  II  to  fa¬ 
cilitate  the  discussion  and  theoretical  interpreta¬ 
tion. 


A.  No  exciton  configuration 

In  the  geometry  of  Fig.  2(a),  with  all  electric 
field  vectors  parallel  to  one  cubic  axis,  no  res¬ 
onances  are  expected.  The  observed  intensity 
I(2u)1  -w2)  in  CuCl  at  15.4  "F:  is  presented  by  cross¬ 
es  in  Fig.  5  as  a  function  of  2ux.  There  is  no  ev¬ 
idence  of  any  variation  with  frequency,  as  expec¬ 
ted  from  the  theory,  which  shows  that  the  intensity 
should  be  proportional  to  1 3\xx Jx I ^ -  In  order  to  cal¬ 
ibrate  this  quantity,  a  comparison  experiment  was 
made  for  three-wave  mixing  in  diamond.  A  dia¬ 
mond,  for  which  the  third-order  mixing  suscepti¬ 
bility  had  been  measured  previously,  albeit  at 
shorter  wavelengths,  replaced  the  CuCl  inside  the 
cryostat  at  room  temperature.  For  this  compari¬ 
son  it  is  necessary  to  know  the  effective  phase¬ 
matching  length  sin(|A kL)/(k&k)  in  each  sample 
where  Afe  is  the  three-wave  mixing  phase  mismatch 
and  L  is  the  sample  length.  This  function  was  de¬ 
termined  by  a  variation  of  the  angle  between  the 
two  light  beams  in  each  crystal,  which  were  about 
1  mm  thick.  The  intensity  was  observed  to  follow 
the  theoretical  pattern  sin2(^A*?L)/(5  A  k)2.  For  A kL 
«1,  which  was  the  condition  in  this  experiment, 
the  correction  factor  to  be  applied  consists  of  the 
ratio  of  the  square  of  the  thickness  of  the  two  crys¬ 
tals  and  the  ratio  of  some  Fresnel  factors  for 
transmission  of  light.  The  data  of  Levenson  and 
Bloembergen2  for  diamond  taken  for  4.4<2f;u>,  c6.2 
eV  were  extrapolated  to2Jzcu1~3.1  eV  by  means  of 
the  frequency  dependence  discussed  by  these  au¬ 
thors.  xixxx  in  diamond  is  proportional  to  (W _ 
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-,7cp,)-2(W+  -  2/fw,)"1,  where  W_~l  eV  is  some¬ 
what  above  the  indirect  band  gap  and  IV ^  ~  12.5  eV. 
which  corresponds  to  the  average  energy  of  elec¬ 
tronic  states  in  the  conduction  band  with  the  same 
parity  as  the  valence  band.  This  extrapolation 
leads  to  the  value  xixix  (diamond,  2/ite,~3.22  eV) 

=  (2. 8±  0. 5)  x  10-M  cm3/erg.  Experimentally  |3 
+  i'XxixiRI  was  found  to  be  15  times  larger.  Here 
allowance  has  been  made  for  the  existence  of  a 
background  two-photon  absorption  process.  This 
leads  to  a  nonresonant  imaginary  contribution  to 
the  third-order  susceptibility.  Unfortunately,  this 
quantity  is  not  known  independently.  All  that  can 
be  concluded  at  this  stage  is  that  |xiir'x(CuCl)|  <14 
x  lO'1,1  cm3/erg. 

B.  Transverse  exciton  configuration 

The  data  for  this  case  are  shown  as  open  circles 
in  Figure  5.  It  is  seen  that  the  nonresonant  inten¬ 
sity  is  a  factor  ten  times  larger  than  in  case  A. 
According  to  Eqs.  (15)  and  (16)  one  finds, 

|3x^x  +  9X(^-  W27r/002| 

=  13. 4x  10-13  cm3/erg. 

For  this  gedmetry  V~  -  5,  as  determined  by  Eq. 

(1  2e).  The  value  of  x(2)  =  -  6(±  3)  x  10"8  (cm3/ 
erg)1/z  follows  from  earlier  work.27  Thus, 

-  H(327t/0(x(2>)2~  5x  10'13  cmVerg,  and  xixJx 
+  3xiyjy  ~  3  x  10-13  cm3/ erg. 

There  is  no  indication  in  the  experimental  data 
of  the  resonance  term  in  Eq.  (16),  proportional  to 
a2p  .  This  disappointing  result  is  due  to  the  near 
cancellation  of  the  contributions  in  Eq.  (17).  The 
transverse  polariton  resonance  would  be  expected 
to  occur  at  2/fu>,  =fiu>A  =  3.217  eV,  where  according 
to  Fig.  3,  aTp  =  0.07^.  Exact  cancellation  with 
oTP  ~0  occurs  for  2,70),-  3.219  eV.  It  is  estimated 
that  the  ratio  of  the  resonant  to  the  nonresonant 
contribution  has  a  maximum  of  less  than  0.2,  and 
so  no  observable  resonance  effect  could  be  expec¬ 
ted.  This  is  in  marked  contrast  to  the  pronounced 
resonance  which  occurs  in  the  longitudinal  con¬ 
figuration.  One  might  expect  the  transverse  ex¬ 
citon  resonance  to  be  observable  in  other  crystals. 
The  near  cancellation  of  the  terms  in  at  the 
intersection  point  A  for  forward  matching  is  prob¬ 
ably  an  unfortunate  accidental  characteristic  of 
CuCl.  It  is  very  difficult  in  the  three-wave  mixing 
experiment  to  permit  a  large  angle  between  two 
different  beams  at  w,,  as  was  done  in  the  two-pho- 
ton  absorption  experiments,  and  such  experiments 
were  not  attempted. 

C.  Longitudinal  exciton  configuration 

Much  more  information  and  spectroscopic  non¬ 
linear  data  are  obtainable  from  three-wave  mixing 


experiments  in  the  geometry  of  Fig.  2(c)  in  which 
a  resonance  was  actually  observed.  The  intensity 
I{ 2u)j  -  u)2)  for  CuCl  at  14.9  °K  in  this  longitudinal 
orientation  is  shown  in  Fig.  6  as  a  function  of  2Hur 
This  intensity  should  be  proportional  to  | x le>  1 2  as 
given  by  Eq.  (18).  The  drawn  curve  A,  calculated 
from  this  equation,  fits  the  maximum  near  2uj1=u)1 
very  well,  but  the  minimum  is  much  less  pro¬ 
nounced  in  the  experimental  data  which  is  denoted 
by  the  crosses.  This  dip  below  the  baseline  re¬ 
sults  from  a  near  cancellation  of  the  nonresonant 
part  and  the  real  part  of  the  resonant  term  above 
the  resonant  frequency.  The  strength  of  the  min¬ 
imum  is  determined  by  the  magnitude  of  the  imag¬ 
inary  part  of  x lf?  •  A  small  imaginary  part  will  re¬ 
sult  in  a  sharp  dip.  Filling  in  of  the  minimum  has 
been  attributed  in  other  cases  to  a  background  two- 
photon  absorption  process.2  Unfortunately,  direct 
two-photon  absorption  studies  are  not  sensitive 
enough  to  measure  this  effect  directly  in  CuCl.28'3’ 
However,  we  are  inclined  to  invoke  the  same  ex¬ 
planation,  because  we  have  verified  that  the  back¬ 
ground  due  to  scattering  and  loss  of  polarization 
definition  in  our  strained  CuCl  crystals  was  smal¬ 
ler  than  the  minimum  signal  in  the  curve.  If  a  term 
*x$3)  is  added  to  Eq.  (18)  to  account  for  this  ab¬ 
sorption,  a  very  good  fit  with  the  experimental  data 
can  be  obtained.  This  is  indicated  by  curve  B  in 
Fig.  6,  where 

X^r  =°-5Xnr  =°-5[3xl3I,^9xt3>y- 32ffe;‘(x^)2]. 

The  fit  to  the  experimental  data  yields  the  values 
for  the  resonant  frequency,  the  damping  parameter, 
and  the  nonlinear  coupling  coefficient  of  the  longi- 


FIG.  6.  Three-wave  mixing  signal  7(2w,-  w2),  as  2oji 
is  varied  across  the  longitudinal  Z2  exciton.  Experi¬ 
mental  points  are  indicated  by  X.  Curve  A:  Theoreti¬ 
cal  fit  without  corrections.  Curve  B:  Theoretical  fit 
with  a  correction  for  background  two-photon  absorp¬ 
tion.  Curve  C:  Theoretical  fit  with  an  assumed  correc¬ 
tion  for  scattering  bv  strain-induced  birefringence.  To 
obtain  this  fit,  a  scattering  many  times  larger  than  the 
experimentally  observed  scattering  had  to  be  assumed. 
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tudinal  exciton.  Our  results  are  ti<vL  =  3.2083 
±0.0002  eV,  hV L  =  (1.5±  0.4)x  10'4  eV,  and 
\2N(aZyt)2n2/Mx'm\  =0.005±  0.001  eV2.  The  longitu¬ 
dinal  exciton  energy  >iuL  agrees  within  the  experi- 
mental  error  to  that  found  in  two -photon  absorption 
studies,  u^•2t’• 35  Since  the  instrumental  linewidth  was 
found  in  Sec.  Ill  to  be  less  than  0.4x  10"  '  eV,  the 
measured  value  of  the  damping  constant  hVL  is  very 
close  to  the  actual  value.  This  value  for  hT L 
agrees  well  with  an  estimate  from  two-photon  ab¬ 
sorption  measurements2'5  of  1.2x10"  *  eV. 

The  nonresonant  signal  was  again  compared  with 
the  signal  in  diamond  by  the  same  procedure  de¬ 
scribed  for  the  no  exciton  geometry.  It  was  found 
that  the  longitudinal  nonresonant  signal  was  about 
one-fourth  the  value  for  the  transverse  configura¬ 
tion.  This  is  due  to  the  different  nonresonant  parts 
in  Eqs.  (16)  and  (18).  Since  the  longitudinal  con¬ 
figuration  does  not  contain  the  term  V  which  is  only 
approximately  known,  it  yields  the  best  determina¬ 
tion  for  x«»  +  3x(xyx\,=  (2.8±  1.8)  xlO"13  cm3/ erg. 

From  a  comparison  with  data  reported  at  the  be¬ 
ginning  of  this  section,  one  may  conclude  that  x%yIy 
has  the  same  order  of  magnitude  as  xixxx-  Nor  more 
precise  conclusions  can  be  drawn  because  of  the 
uncertainty  in  the  nonresonant  two-photon  back¬ 
ground,  which  may  have  its  own  unknown  anisotro¬ 
py- 

A  measure  of  the  strength  of  the  resonance  is 
given  by  the  quantity  a2  given  by  Eq.  (12g).  For 
2w1  =  wi  there  is  still  destructive  interference  em¬ 
bodied  in  the  last  factor  on  the  right  of  Eq.  (12g), 
but  the  cancellation  is  not  nearly  as  complete  as 
that  found  in  the  transverse  case.  One  finds 
^TierXxit^’caxyx~ 0-3,  where  the  value  of  oJyz 
=  (3.9  ±  2.2)  xlO"17  cm2  obtained  from  two-photon 
absorption  data16’24’26  is  used,  while  x(2)  is  again 
known  from  data  on  second-harmonic  generation.27 

With  the- values  for  the  reduced  mass  of  M  =  0.406 
times  the  electron  mass  and  jV=3.8x1021  cm-3  for 
the  density  of  chlorine  atoms,  the  curve  fitting  with 
the  experimental  data  in  Fig.  6,  in  conjunction  with 
the  three-wave  mixing  calibration  in  diamond, 
yields  the  experimental  result  =  (2.1±  1.3) 

xlO"17  cm2.  When  the  positive  value  for  aL  is 
chosen  and  inserted  in  Eq.  (12g),  one  finds  ayyz 
=  (4.2 ±  3.0)  x  10" 17  cm2.  This  agrees  well  with  the 
value  determined  from  Frohlich’s  two-photon  ab¬ 
sorption  data.  The  negative  value  of  axyi  would 
lead  to  a  negative  value  of  etTxyjS.  This  would  be  in¬ 
consistent  with  the  experimental  data  of  Haueisen,1G 
which  require  axyi>0,  to  expla-in  the  observed  fre¬ 
quency  dependence  for  second-harmonic  genera¬ 
tion.  This  argument  makes  use-of  a  negative  ex¬ 
perimental  value27  xty*  =-6(±3)xl0"8  (cmVerg)1 /2. 
Earlier  use  of  this  same  argument1’  had  led  to  the 
erroneous  statement  that  axyi  was  negative,  be¬ 


cause  of  the  wrong  choice  of  sign  of  e*. 

The  magnitude  of  o,Ltor  aT)  could  also  be  derived 
from  the  intensity  of  second-harmonic  generation, 
or  from  a  direct  absolute  determination  of  the  two- 
photon  absorption  cross  section.  Both  these  meth¬ 
ods  are  inaccurate.  The  first  because  it  requires 
detailed  knowledge  of  the  dielectric  constant  in  a 
highly  absorbing  region  and  the  second  because  it 
is  very  difficult  to  obtain  an  accurate  determina¬ 
tion  of  the  spatial  distribution  of  the  intensity  in 
the  beam.  The  intensity  dependent  absorption  coef¬ 
ficients  reported  by  Frohlich  et  al.26  and  Bivas 
el  al.2 5  would  correspond  to  a  value  of  the  imagi¬ 
nary  part  of  the  nonlinear  susceptibility  which  is 
an  order  of  magnitude  smaller  than  our  observed 
value  at  the  longitudinal  exciton  resonance  at 
14.9  °K,  which  was 

Xu,  K ,  w2,  -  u>2)  =  4Nn2(ot$yi)2/MnuLnr 

=  (1.6±  1.2)xl0"u  cm3/erg. 

This  corresponds  to  a  two-photon  absorption  coef¬ 
ficient  of  0.9  ±0.6  cm"1  at  an  intensity  of  20  MW/ 
cm2.  The  second-harmonic  data  of  Haueisen  and 
Mahr14  led  to  a  value  a xy2 ,  which  is  a  factor  of  2 
larger  than  those  found  by  either  three-wave  mix¬ 
ing  or  from  the  dispersion  of  the  intensity  of  two- 
photon  absorption  shown  in  Fig.  3.  These  latter  two 
methods  perform  an  intrinsic  calibration  by  in¬ 
terference  effects  in  the  nonlinear  coupling  coef¬ 
ficient.  In  Frohlich’s  two-photon  absorption  data 
of  Fig.  3,  ajy£  is  compared  with  Xx><  ,  while  in  the 
three-wave  mixing  experiments  {axyl)2  is  compared 
with  nonresonant  contribution  to  \(3)-  These  meth¬ 
ods  are  inherently  more  accurate. 

/.  Temperature  dependence  of  longitudinal  exciton  resonance 

The  three-wave  mixing  method  has  been  used  to 
study  the  temperature  dependence  of  the  resonant 
frequency  and  the  damping  of  the  longitudinal  ex¬ 
citon.  The  temperature  ‘dependence  of  the  observed 
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FIG.  7.  Temperature  dependence  of  the  dispersion  in 
lx  Vi’  I  ‘  near  the  Z3  longitudinal  exciton  in  CuCl.  The 
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resonance  in  | X<Le)  1 2  is  shown  in  Fig.  7.  The  solid 
lines  are  curves  fit  to  Eq.  (18)  with  a  nonresonant 
imaginary  part  added.  Data  at  15  different  tem¬ 
peratures  in  the  range  from  5  to  105  JK  were  taken, 
although  Fig.  7,  for  clarity,  includes  only  those 
curves  measured  at  14.9,  60.7,  85.0,  and  105.0  °K. 
Above  105  °K  the  resonance  peak  could  no  longer 
be  seen,  although  photoconductivity  studies38'37 
seem  to  indicate  that  direct  thermal  quenching  of 
the  longitudinal  exciton  begins  to  occur  at  about 
150  °K.  In  the  temperature  range  covered  the  ratio 
of  the  nonresonant  part  of  x(3)  to  (aL)2  is  a  con¬ 
stant.  The  changes  in  line  position  and  shape  can 
be  accounted  for  completely  by  the  variation  with 
temperature  of  and  HT L  which  are  plotted  in 
Figs.  8  and  9,  respectively. 

The  solid  line  in  Fig.  8  is  a  least-squares  fit  to 
the  data  points  that  lie  above  30  °K.  Above  this 
temperature,  the  longitudinal  exciton  energy  is 
linearly  dependent  on  temperature  with  a  slope  of 
2.9  xlO-4  eV/°K.  This  value  is  in  close  agreement 
with  that  found  from  luminescence  experiments.13’38 
As  Cardona13  points  out,  the  sign  and  magnitude  of 
the  slope  is  due  to  a  competition  between  the  elec¬ 
tron-phonon  interaction  (explicit  temperature  ef¬ 
fect)  and  the  temperature  dependence  of  the  lattice 
constant  (volume  effect). 

The  logarithm  of  the  damping  constant  tiT L  is 
plotted  as  a  function  of  temperature  in  Fig.  9.  The 
temperature  dependence  of  UT L  can  be  fitted  by  the 
sum  of  a  constant  impurity-  or  strain-dominated 
part  and  an  exponential  term,  which  is  indicative 
of  a  multiphonon  process.  This  behavior  is  shown 
by  the  solid  line  in  Fig.  9.  A  temperature  varia¬ 
tion  of  this  type  suggests  that  the  Z3  exciton  can 
make  a  transition  to  the  nearest  diffuse  Zl  2-exciton 
level.  These  two  levels  are  separated  by  an  al- 
most-temperature-independent  constant  of 
0.07  eV. 37  This  transition  would  require  the  si¬ 
multaneous  absorption  of  three  longitudinal  optical 
phonons  which  couple  strongly  to  the  heavy  Z3-ex- 
citon  state. 8,9  The  longitudinal  optical  phonons 


FIG.  8.  Temperature  dependence  of  the  resonant  fre¬ 
quency  cjj,  of  the  7.3  longitudinal  exciton  in  CuCl. 
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FIG.  9.  Temperature  dependence  of  the  width  H rL  of 
the  Z3  longitudinal  exciton  in  CuCl. 

have  an  energy  of  about  0.025  eV  each,  so  that  a 
small  energy  balance  may  have  to  be  taken  up  by 
acoustic  phonons.  The  required  change  in  spin 
configuration  can  be  supplied  by  the  large  spin-or¬ 
bit  interaction.  In  this  case,  the  theoretical  tem¬ 
perature  dependence  would  be  given  by 

r  =  r0+  3\i/(e^R/KT  -  i)|\  (2<) 

where  the  second  term  is  cubic  in  the  phonon  den¬ 
sity  as  is  required  for  a  three-phonon  absorption 
process.  u>R  is  the  longitudinal  optical  phonon  fre¬ 
quency,  K  is  Boltzmann’s  constant,  and  T  is  the 
absolute  temperature.  7?  is  taken  to  be  a  constant 
that  is  a  measure  of  the  strength  of  the  coupling 
between  the  exciton  and  phonons. 

The  solid  line  in  Fig.  9  is  a  best  fit  of  Eq.  (24) 
with  TTF o  =  1.5x1 0-4  eV  and  HB-  16  ±  3  eV.  It  is  in 
fair  agreement  with  the  experimental  observation 
which  is  quite  different  from  the  predictions  of 
Tovozawa.39 

In  these  experiments  carried  out  at  high  inten¬ 
sities  and  at  low  temperatures,  the  effects  of  crys¬ 
tal  heating  and  the  possible  formation  of  biexcitons 
should  be  considered.  An  experimental  check  was 
made  that  our  observed  data  on  Xt?f'  did  not  depend 
intrinsically  on  the  laser  intensities.  Data  carried 
out  with  the  intensity  of  each  of  the  light  beams  re¬ 
duced  together  or  individually  by  factors  of  as  much 
as  ten  yielded  the  same  results  at  the  lowest  tem¬ 
perature  used.  The  absorption  coefficient  at  the 
two-photon  resonance,  at  the  highest  intensities 
used  in  our  experiments,  is  about  0.1  cm-1.  The 
maximum  temperature  rise  above  15  "K  consistent 
with  this  absorption  during  the  ruby  laser  pulse  is 
less  than  0.25  K. 

If  all  of  the  absorbed  energy,  0.01  J/g,  is  as¬ 
sumed  to  result  in  the  creation  of  real  longitudinal 
excitons  of  energy  3.21  eV  with  lifetimes  longer 
than  the  laser  pulse,  the  resulting  excited  exciton 
density  would  be  at  most  about  NE~  1017  cm-3.  The 
ground-state  exciton  density  is  3.8xl021  cmT1,  and 
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so  only  a  very  small  fraction  of  the  excitons  under¬ 
go  a  real  excitation. 

In  recent  years  the  study  of  possible  exciton-ex- 
citon  interactions  in  CuCI  has  attracted  wide  in¬ 
terest/0-'*1  However,  these  effects  require  exciton 
densities  about  two  orders  of  magnitude  higher  than 
those  achieved  in  this  experiment  in  order  to  be 
seen. 

D.  Double  resonance  of  longitudinal  exciton 
and  phonon  polariton 

The  experimental  arrangement  with  two  tunable 
dye  laser  beams,  described  in  Sec.  Ill,  permits 
the  adjustment  of  2u>!  to  a  value  in  the  vicinity  of, 
or  at,  the  resonance  of  the  longitudinal  exciton, 
and  the  simultaneous  variation  of  c o2  so  that  u>1 
-u>2)  passes  through  the  longitudinal  phonon-po- 
lariton  resonance  at  208  cm-1.  Five  values  for 
2/zu>,  were  chosen:  3.1988  eV,  well  below  the  ex¬ 
citon  resonance;  3.2083  eV,  at  the  maximum  of 
the  exciton  resonance;  3.2091  eV,  at  the  location 
of  the  minimum  in  the  curve  of  Fig.  6;  3.2094  eV, 
just  beyond  this  minimum;  and  3.2150  eV,  well 
above  the  exciton  resonance.  The  signal  for  /( 2u>, 
-ou2)  for  these  five  values  of  using  the  longitu¬ 
dinal  orientation  is  shown  in  Fig.  10,  as  aj1-aj2  is 
scanned  through  the  infrared  polariton  resonance. 
The  drawn  curves  in  Fig.  10  represent  a  best  fit 
to  the  experimental  points  based  on  Eq.  (20),  to’ 
which  a  background  nonresonant  two-photon  absorp¬ 
tion  has  again  been  added.  The  fit  was  obtained 
with  the  following  values  for  the  phonon-polariton 
parameters: 

fiu>R  =  0.0260(±  0.0002)  eV, 

hTR  =  3.7x10-*  eV, 

4'V02/z7mrX =6(±  1)  x  10-6  eV2. 

The  value  fiuR  agrees  quite  well  with  that  found 
from  light  Raman  scattering.29, 48  The  damping 
constant  fiT R  has  probably  not  been  fully  resolved, 
since  the  quoted  number  is  only  about  twice  the 
linewidth  of  the  laser  at  w2.  Using  known  values 
for  the  reduced  polariton  mass  M R,  the  number 
density  NR,  and  the  nonresonant  susceptibility,  the 
nonlinear  phonon-polariton  coupling  constant  ob¬ 
tained  is  |«XL£|  =  1.6(±  l)xl0-16  cm2.  This  value  is 
about  seven  times  larger  than  the  corresponding 
electronic  term.  Its  square  is  proportional  to  the 
spontaneous  Raman  scattering  cross  section 

°r  =  y*(u>2/c<)(Ji/M  u>*)|ai£|2.  (25) 

Our  value  for  aR  is  about  six  times  smaller  than 
that  fount,  by  Kaminow  and  Turner48  from  an 
absolute  measurement  of  the  Raman  scattering 
cross  section.  The  latter  is  admittedly  a  very  dif - 


FIG.  10.  Dispersion  in  |  \  i,3 1  (2co t  u>2)  I  2  due  to  in¬ 
terference  between  the  longitudinal  Z3  exciton  polariton 
and  optical  phonon  polariton  in  CuCI  at  15.1  °K.  The 
labels  on  the  curves  indicate  the  value  of  the  parameter 
2  ffw,. 

ficult  task,  and  our  value  of  based  on  a  com¬ 

parison  of  nonlinear  coefficients,  is  considered 
more  reliable. 

The  double  resonance  data  of  Fig.  10  are  dis¬ 
played  in  a  three-dimensional  plot  in  Fig.  11, 
where  the  logarithm  of  the  intensity  /( 2uq  -  u>2)  is 
shown  as  a  function  of  the  two  frequencies  2u>1  and 
cu,  -  tu2.  For  2u),  either  far  above  or  far  below  the 


i 


FIG.  11.  Three-dimensional  plot  of  the  dispersion  in 
X  i,3 1  (2u>,  -  o)2),  constructed  from  the  data  in  Fig.  10. 
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exciton  resonance  the  curves  exhibit  the  usual  in¬ 
terference  of  a  Raman  resonant  contribution  with 
the  nonresonant  part  of  This  corresponds  to 

the  top  and  bottom  curves  in  Fig.  10,  or  cuts  I  and 
V  in  Fig.  11. 

The  minimum  in  these  curves  occurs  at  the  fre¬ 
quency-  where  the  real  part  of  the  Raman  contribu¬ 
tion  cancels  the  real  part  of  the  effective  back¬ 
ground  susceptibility.  As  2^  is  tuned  through  the 
exciton  resonance,  this  background  varies  dramat¬ 
ically.  The  location  of  the  minimum  is  determined 
by  the  relative  intensities  and  signs  of  the  Raman 
and  background  contributions.  For  cut  II,  is 
exactly  at  the  resonance  wL.  The  exciton  resonant 
contribution  is  so  large  in  Eq.  (20)  that  the  varia¬ 
tions  due  to  the  Raman  term  are  not  noticeable. 

For  2cu1  between  the  maximum  (cut  II)  and  minimum 
of  the  exciton  curve  (cut  III),  the  Raman  minimum 
will  be  on  the  low-frequency  side  of  the  resonance. 
This  shift  in  position  occurs  because  the  real  part 
of  the  effective  background  susceptibility  is  now 
negative. 

For  2w,  corresponding  to  the  minimum  in  the  ex- 
citon-polariton  curve  (cut  III)  the  nonresonant  and 
exciton  contributions  nearly  cancel  each  other  in 
Eq.  (20).  The  magnitude  of  the  mixing  signal  is 
now  essentially  proportional  to  the  absolute  square 
of  the  Raman  phonon-polariton  susceptibility  alone. 
This  results  in  a  symmetrical  curve  of  I(2u>l-u>2) 
vs  0^!  -  <jj2.  Proceeding  towards  higher  values  of 
2 a  continual  transition  takes  place  to  that  of 


cut  V,  which  shows  only  the  effects  of  the  infrared 
phonon-polariton  resonance.  Curve  I  is  virtually 
identical  to  curve  V  in  Fig.  10,  since  the  low-fre¬ 
quency  exciton  contribution  to  the  third-order  sus¬ 
ceptibility  is  small  compared  to  the  nonresonant 
part. 

V.  CONCLUSION 

Three-wave  mixing  techniques  supplement  the 
data  on  linear  and  nonlinear  characteristics  of  el¬ 
ementary  excitations  in  solids  in  a  significant  way. 
They  permit  an  independent  determination  of  non¬ 
linear  coupling  constants  of  exciton  and  phonon  po- 
laritons  in  CuCl.  In  addition,  the  technique  has 
been  used  to  measure  the  temperature  dependence 
of  the  longitudinal  excitons  in  the  bulk  volume  of  a 
CuCl  crystal  for  the  first  time. 

The  double- resonance  data  provide  a  fine  example 
of  nonlinear  solid-state  spectroscopy.  While  the 
light  beams  used  and  observed  all  lie  in  the  trans¬ 
parent  region  of  the  crystal,  the  dispersive  features 
associated  with  the  sharp  exciton  resonance  in  the 
ultraviolet  and  the  sharp  phonon  resonance  in  the 
infrared  are  clearly  revealed. 
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Complete  theoretical  expressions  for  the  third-order  nonlinear  susceptibility  are  presented.  The  third- 
order  perturbition  calculations  of  the  density  matrix  lead,  in  general,  to  forty-eight  terms.  The  significant 
terms  for  coherent  resonant  Raman  Stokes  and  anti-Stokes  (CARS)  scattering  are  identified.  The  product  of 
damped  resonant  denominators  leads  to  c  aaraeteris:ic  lineshapes,  which  are  compared  with  available  experi¬ 
mental  results. 


1.  Introduction 

While  the  spontaneous  Raman  scattering  was 
discovered  fifty  years  ago,1  its  stimulated  counterpart 
was  first  observed2  and  correctly  interpreted3  more 
than  thirty  years  later.  The  theoretical  relationship 
between  the  spontaneous  and  stimulated  effects  is 
very  clear  in  the  quantum  theory  of  Dirac.4  The 
experimental  observation  of  stimulated  effects  in  the 
optical  region  of  the  spectrum  had,  however,  to 
await  the  realization  of  lasers. 

The  stimulated  Raman  effects  can  most  con¬ 
veniently  be  described  in  terms  of  an  induced  non¬ 
linear  polarization,  which  is  a  cubic  function  of 
classical  field  amplitudes.  Such  a  description  keeps 
track  of  questions  of  phase  coherence,  interference, 
resonance  and  damping  effects.  While  the  incoherent 
spontaneous  Raman  Stokes  intensity  is  a  linear 
function  of  the  intensity  of  the  incident  light,  the 
stimulated  effect  is  nonlinear,  and  depends  on  the 
product  of  the  intensities  of  incident  laser  and 
Stokes  beams.  From  this  classical  point  of  view  it  is 
clear  why  the  stimulated  Raman  Stokes  and  anti- 
Stokes  scattering  required  laser  technology  to 
become  an  important  spectroscopic  tool.  In  recent 
years  much  activity  has  taken  place,  especially  in 
subjects  such  as  CARS  (Coherent  Anti-Stokes  Raman 
Scattering)  and  coherent  resonant  Raman  scattering. 

It  is  the  purpose  of  this  paper  to  point  out  that 
the  general  theoretical  framework  of  the  third-order 
nonlinear  susceptibility  is  capable  of  describing  these 
new  observations  without  ambiguity.  Every  material 
has  a  characteristic  fourth-rank  tensor  with  complex 
frequency  (and  wavevector-dependent)  elements, 


P (*(<^/>)  =  '/-,-<» gr (  —  tup,  o»a,  a>b,  — LOc)E&(a)a)E%(a>b)E*(u)c) 

...(1) 

Here  are  Cartesian  coordinate  indices.  The  in¬ 
cident  electric  field  components  have  frequencies 
±wa,  +C4 >b,  +o>c.  Some  of  these  frequencies  may  be 
chosen  equal  or  negative.  The  nonlinear  polarization 
at  the  new  combination  frequency  iop  =  wa  +  cjb— coc 
is  represented  by  Eq.  (1).  This  third-order  suscep¬ 
tibility  must  be  regarded  as  a  material  property  as 
basic  as  the  complex  linear  dielectric  constant  or 
index  of  refraction. 

A  large  variety  of  nonlinear  phenomena  have 
received  a  systematic  description  in  terms  of  X<3>. 
Although  several  review  articles5-9  and  books10’11 
have  given  a  good  account  of  this  quantity  in 
relation  to  the  stimulated  Raman  effect,  some 
confusion  about  details  has  nevertheless  arisen  in 
the  recent  literature  in  connection  with  resonant 
coherent  Raman  scattering.12’13 

In  the  case  of  CARS,  one  may  take  a >a  =  a>b  =  col, 
and  identify  coc  with  the  Stokes  and  iop  with  the 
anti-Stokes  frequency.  Various  possible  cases  may 
be  distinguished  according  to  the  relationships  of 
the  four  light  frequencies  with  respect  to  the  energy 
levels  of  the  material  system.  These  are  detailed  in 
Fig.  1.  The  ground  state  is  labelled  as  |  g>,  the 
Raman  level  is  denoted  by  |  t>  and  intermediate 
excited  electronic  states  by  |  j>  and  |  k>.  Fig.  la 
shows  a  Raman-type  resonance  only;  Figs,  lb  and  lc 
have,  in  addition,  a  one-photon  resonance,  at 
and  c op,  respectively;  in  Fig.  Id  there  are  two  one- 
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(a)  (b)  (c)  (d)  (e) 

Fig  1 — Generation  of  the  combination  frequency 
ci)p=coa+ti>;,— oc  by  Raman-type  mixing  for  a  system  in 
ground  state  |  g  >  [a,  CARS  for  « (=co &>coe;  b,  resonant 
CARS,  enhanced  by  one-photon  resonance  at  coa;  c,  reso¬ 
nant  CARS,  enhanced  by  one-photon  resonance  at  coJ(; 
d,  double  one-photon  resonance  at  both  o>a  and  cop,  in  the 
vicinity  of  a  Raman  transition;  and  e,  simultaneous  reso¬ 
nance  at  all  four  frequencies,  i.e.  resonant  CARS  enhanced 
by  simultaneous  one-photon  resonances  at  o>a  and  co^.] 

photon  resonances,  but  there  is  only  near-resonance 
with  the  Raman  level;  in  Fig.  le  there  is  resonance 
at  all  stages. 

Fig.  1  does  not  show  other  possible  two-photon 
resonances  which  may  occur,  e.g.  if  there  is  a  real 
energy  level  at  coa  +  a>b  =  (op  -f-  <oc.  In  the  following 
section  an  explicit  representation  of  X(3)  will  be 
presented  which  will  cover  all  possible  cases. 

2.  Review  of  the  General  Theory  of  XU) 

A  general  scheme  to  calculate  nonlinear  suscep¬ 
tibilities  is  based  on  a  perturbation  expansion  of  the 
density  matrix  of  the  material  system.10  This  scheme 
incorporates  the  effective  damping  of  both  diagonal 
and  off-diagonal  elements  due  to  interactions  with 
many  other  degrees  of  freedom.  There  damping 
terms  take  account  of  spontaneous  emission,  inter¬ 
action  with  a  thermal  radiation  field,  interactions 
due  to  collisions  in  a  vapour,  or  with  phonons  in 
a  lattice. 

Completely  general  expressions  for  XU)  have  been 
given  by  Flytzanis8  [see  especially  his  Eqs.  (233)  and 
(236)],  but  the  permutations  of  the  various  terms 
were  not  displayed  explicitly  by  him.  In  view  of  the 
current  interest12-19  in  the  study  of  resonant  effects 
in  four-wave  mixing  depicted  in  Fig.  1,  Lynch20  has 
worked  out  the  detailed  form  of  all  48  terms  which 
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occur  in  the  general  case.  His  result  for  X(3)  describ¬ 
ing  three-  or  four-wave  mixing  is  reproduced  in  Eq. 
(Al)  in  Appendix  1.  For  compactness,  complex 
material  frequencies  have  been  introduced: 

(otg  —  o>*“  —  iVts,  where  fi-w,  =  Et  —  Eg  is  the 
energy  separation  between  states  |  t  >  and  |  g  > 
and  I\jr  >  0  is  the  damping,  due  to  all  causes,  of 
the  off-diagonal  element  p/5.  The  notation 
denotes  the  order  of  the  Cartesian  components  of 
the  dipole  matrix  elements  RjkRktRtiR/g.  In  this 
example  the  ^-component  Rffl  should  be  taken,  etc. 

It  is  useful  to  recast  the  48  terms  in  a  different 
form,  which  displays  the  transition  to  24  terms, 
which  are  usually  obtained  from  perturbation  theory 
in  non-dissipative  systems.  In  this  case  a  nonlinear 
time-averaged  Hamiltonian  function,  quartic  in  the 
field  amplitudes,  may  be  defined  by 

Xmxpy  (  CUp,  10a,  (Ob,  OJc) 

X  [E*(a>p)Ea.(coa)Ef}(a>b)  E*(coc)]  +  C.C. 

Eq.  (1)  is  obtained  by  differentiation  with  respect  to 
E*.  Fourth-order  perturbation  theory  on  the  energy 
levels  leads  to  4!  =  24  terms,7  corresponding  to  the 
different  order  in  which  the  four  terms  in  the  dipolar 
interaction  Hamiltonian, 

^di P  =  -  YR^e~iual  -  ~  R&E&e~imbt 

-  ~  RyE*e+iuct  ~  \-R*  E^e‘~P‘  ...(2) 

are  taken . 

The  equivalence  between  the  two  approaches,  in 
the  absence  of  damping,  becomes  evident  when  the 
last  36  terms  in  Eq.  (Al)  in  Appendix  1-  are  taken 
together  in  triplets  inside  the  large  round  paren¬ 
theses.  Then  X;3)  is  recast  in  the  form  of  Eq.  (A2) 
in  Appendix  2. 

The  correction  factors  vanish  in  the  absence  of 
damping.  They  also  vanish  if  r,j  =  +  Tg),  or 

equivalently  if  the  complex  resonant  frequencies 
satisfy  a>,/  =  a>tg  +  <jjgj.  This  relationship  holds  if 
the  damping  is  caused  by  the  natural  width  versus 
spontaneous  decay,  and  |  g  >  is  the  ground  state 
with  zero  width.  In  practice,  these  correction  factors 
have  always  been  ignored.  It  should  be  pointed  out 
that  this  is  not  rigorously  correct  in  the  case  of  colli- 
sional  damping  mechanisms.  Additional  resonance  in 
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Fig.  2a  —  Model  of  energy  level  diagram  [The  assumed 
values  for  the  energy  separations,  damping  parameters  and 
laser  frequencies,  all  in  wavenumber  units  (cm-1),  are  : 
“<17=43,000;  ®  *=33,000;  “*(7=32,000;  o>a=<*>i>=2 1,000; 

r*=r*,=rto=2oo;  r'<o=rfc;>==  100.] 

Fig.  2b  —  Calculated  “extra”  resonance  in  X(3),  when  oc  is 
varied,  while  oa— g>c  is  in  the  vicinity  of  to.,* 

the  anti-Stokes  production  may  then  occur14’20  if  the 
energy  difference  between  two  excited  electronic 
levels  |  k  >  and  |  j  >  corresponds  to  a  difference 
frequency  aja—ojc  or  a>b  —  wc. 

A  model  calculation  of  this  “extra”  resonance 
with  arbitrary  values  of  the  parameters  is  shown  in 
Fig.  2.  An  attempt  is  under  way  in  our  laboratory 
to  detect  this  effect,  which  should  depend  on  the 
amount  of  collisional  damping  for  light  wave  mixing 
in  Na-vapour. 

The  approach  which  has  frequently  been  used  in 
the  literature  is  to  start  with  perturbation  theory  in 
the  absence  of  damping  and  then  to  introduce  dam¬ 
ping  factors  in  an  ad-hoc  manner  from  Kramers- 
Kronig  type  of  causality  relations  in  the  complex  fre¬ 
quency  plane.21-23  The  proof  of  the  Kramers-Kronig 
relation  for  the  linear  susceptibility  is,  however, 
explicitly  based  on  a  linear  superposition  principle. 
In  the  nonlinear  case,  when  several  frequency  factors 
in  the  denominators  are  simultaneously  near  reso¬ 
nance,  this  approach  is  incorrect  and  can  easily  lead 
to  errors.  Frequently,  incorrect  signs  of  the  damping 
are  obtained  and  the  distinction  between  24  and  48 
terms  is  completely  lost. 

The  same  issue  has  recently  come  up  among 
users  of  Feynman  diagrams.24’25  These  diagrams  are 
usually  shown  without  distinction  for  bra-  and  -ket 
type  state  vectors.  While  this  is  permissible  in  the 
absence  of  damping,  as  the  wavefunction  of  one  is 
the  complex  conjugate  of  the  other,  this  is  no  longer 
true  in  the  presence  of  damping.  Yee  et  al.ZG  have 
recently  applied  the  technique  of  “doubled”  Feyn¬ 
man  diagram,  with  a  left  half  for  the  evolution  of 


|  bra  >  and  a  right  half  for  the  evolution  of 
|  ket  >  wavevectors.  This  technique  leads,  of 
course,  to  the  same  48  terms  displayed  in  Eq.  (Al) 
[Appendix  1],  In  our  opinion,  it  is  a  matter  of  taste 
and  past  experience,  whether  the  book-keeping 
technique  by  Feynman  diagrams  or  by  perturbation 
expansion  of  the  density  matrix  is  to  be  preferred. 

For  the  purposes  of  this  paper  it  is  assumed  that 
there  is  no  variation  in  the  population  of  the  various 
energy  levels.  The  material  system  remains  in  its 
ground  state,  ?gg  —  1.  This  assumption  would  be 
invalid  if  one  of  the  intermediate  frequencies  in 
Eq.  (Al)  [Appendix  1]  were  to  vanish.  This  is 
actually  the  case  for  the  Raman  susceptibility  X(3> 
( —  a>b,  coa,  <ub,  —  as  a>a  —  oja  =  0.  For  reso¬ 
nant  Raman  scattering,  population  changes, 
occur  in  second  order.  This  is  related  to  the  distinc¬ 
tion  between  “hot  luminescence”  or  “resonance 
fluorescence”  and  “resonant  Raman  scattering”, 
discussed  by  Shen.27  We  note  that  such  second-order 
population  changes  do  not  contribute  to  the  four- 
wave  mixing  susceptibility. 

For  the  sake  of  completeness,  the  corresponding 
expressions  and  correction  factors  for  the  lowest- 
order  nonlinear  susceptibility  X(2>,  are  given  in 
Appendix  3.  This  susceptibility  is  nonvanishing  only 
in  media  that  lack  a  centre  of  inversion.  In  general, 
(-  u>a,  ojb )  consists  of  8  terms,  while  the 
energy  perturbation  technique  in  the  absence  of 
damping  leads  to  3!  =  6  terms.  The  relationship 
between  the  two  approaches  was  already  pointed 
out  explicitly  more  than  a  decade  ago28  for  the  case 
of  second-harmonic  generation,  cua=u. >b  and  uip=2a>a. 
The  general  form  for  the  correction  factor  K  in  X<2> 
is  given  in  Eq.  (A  3'3)  of  Appendix  3. 

3.  Comparison  of  Theory  with  Experiment 

It  is  clear  from  Eqs.  (Al)  of  Appendix  1  and 
(A2)  of  Appendix  2  that  the  susceptibility  X(3>'can  be 
enhanced  by  the  vicinity  of  one-photon  resonances 
with  an  electronic  excited  state.  It  is  straight¬ 
forward  in  each  particular  case,  five  of  which  are 
shown  in  Fig.  1,  to  select  those  terms  in  Eqs.  (Al) 
of  Appendix  1  and  (A2)  of  Appendix  2  which  are 
near  resonance.  The  remaining  terms  are  often 
lumped  together  in  a  so-called  “non-resonant” 
background  X^. 

One-photon  resonantly-enhanced  coherent  anti- 
Stokes  Raman  scattering  was  first  observed  by 
Nestor  et  al.12  in  dilute  aqueous  solutions  of  cyto¬ 
chrome  c  and  vitamin  Bia.  They  observed  the  inten¬ 
sity  of  the  light  created  at  a>p  =  2(oa  —  a>c,  while  the 
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frequency  a>0  was  varied  through  the  broad  one- 
photon  absorption  band  of  the  large  solute  mole¬ 
cules.  Their  original  interpretation  of  this  lineshape 
was  incorrect,  as  was  demonstrated  independently 
by  Lynch  et  al.}*  by  Carriera  et  al.15  and  by  Lau 
et  al.18  The  observed  intensity  is  proportional  to 
|  X<3)  |2  where  X(3)  is  given  by 

x<3>  =  (a >a  OJc)  /F  tg}(OJkg  ,J1a  iF  kg) 

X  (coJg~ top— ?r%)]|  +  •••(3) 

Here  only  the  resonantly-enhanced  Raman  terms 
are  kept  explicitly.  The  curves  in  Fig.  3  have  been 
obtained,  with  a>kg  =  <ojg~  18,000  cm-1,  tv,g  ~  1500 
cm-1,  =  Vjg  —  500  cm-1  and  r%  =  10  cm-1. 

The  background  susceptibility  X^  includes  all  the 
other  terms  in  Eq.  (A 2)  of  Appendix  2  as  well  as  the 
solvent  contribution.  The  background  was  assumed 
to  be  real  and  equal  to  L5  times  the  peak  contribu¬ 
tion  of  the  resonant  term.  The  computed  lineshapes 
in  Fig.  3a  agree  well  with  those  observed  by  Nestor 
et  al}2  Similar  lineshapes  have  been  observed  in 
other  substances  by  other  workers,  who  also 
verified15’18  that  the  observed  intensity  at  is  pro¬ 
portional  to  the  square  of  the  intensity  at  coa  and  to 
the  intensity  at  ojc,  at  all  frequencies,  in  agreement 
with  Eq.  (1).  So  far  the  observations  have  been 
made  for  resonant  CARS,  in  which  a>p  =  2cua  —  a>c 
with  c?a  >  a >c.  If  ioa  <  wc,  the  predicted  lineshape  is 
very  different,  as  shown  in  Fig.  3b. 


(a)  CARS  lb)  C  SR  S 


|u>a-ajc|  (cm"') 


Fig.  3a — Resonant  CARS  lineshape  [The  intensity  at 
«„=2to0— o)c  with  oja>coc  is  observed  for  different  values  of 
o)„  near  one-photon  resonance.  Numerical  data  used  in  the 
computation  are  given  in  the  text.] 

Fig.  3b  —  Resonant  CSRS  lineshape,  under  the  same  condi¬ 
tion  as  for  (a),  but  with  o>a<cic 
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The  theory  presented  here  is  valid,  provided  the 
absorption  due  to  one-photon  resonances  is  sm^ll 
enough  that  the  attenuation  of  the  incident  laser 
beams  at  o>a  and  ioc  and  the  light  created  at  a>p  is 
relatively  small,  say  less  than  10%,  and  provided 
that  the  level  populations  are  not  changed  very 
much.  In  principle,  corrections  could  be  made  for 
these  effects. 

Taran  and  coworkers19  have  recently  studied  the 
sharp  electronic  and  Raman  resonances  that  are 
observable  in  the  CARS  signal  in  iodine  vapour. 
They  demonstrated  the  various  situations,  shown  in 
Figs,  lb,  lc  and  Id.  Their  theoretical  interpretation 
is  identical  to  ours. 

Akhmanov29’30  has  studied  the  variation  of  X<3> 
near  a  one-photon  resonance,  in  the  absence  of  a 
Raman  resonance.  Again  detailed  agreement  was 
found  with  the  general  theory  of  X(3>. 

The  effects  which  occur  when  there  is  a  real 
energy  level  close  to  the  sum  frequency  u>a  +  ab  have 
also  been  studied  extensively.  Interference  effects  in 
the  intensity  at  ojp=2u>a~o>c  due  to  the  simultaneous 
resonance  at  2a>a  and  oja—u>c  have  been  observed.31’32 
In  principle,  interference  effects  between  any  pair  of 
the  48  terms  could  occur.  The  very  interesting 
polarization  effects  which  occur  for  different  choices 
of  the  Cartesian  directions  n a£y  have  also  been 
exploited.33’34  This  paper  cannot  give  a  comprehen¬ 
sive  review  of  all  these  phenomena,  but  their  theore¬ 
tical  description  can  always  be  based  on  the  general 
expression  for  X<3>.  It  may  be  concluded  that  this 
quantity  is  of  fundamental  importance  in  the  des¬ 
cription  of  resonant  coherent  Raman  processes. 
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APPENDIX  1 

Expression  for  X<3>  Describing  3-  or  4-Wave  Mixing  (Lynch20) 
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X(3!,  (-W  ,w  ,ux.-u  y,  (R  ,  R,  ,Rt.R.  )p 

yaBy  p’  a’T>’  c  6  f—f  gk  kt  tj  jg  ^gg 

g  ,  L  ,  J 


1  /  _  yBay _  +  _ Byau _  + _ vaBu _ 
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APPENDIX  2 

Expression  for  X (3>  Recast  to  Contain  Only  24  Terms 
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are  “correction  factors”  and  Hi  =  u>a  +  oj b ,  H2  =  o»a  —  a>c,  and  CI3  =  m  —  <*>c  are  intermediate  frequencies. 
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APPENDIX  3 

Perturbation  Expression  for  X<2> 

The  density  matrix  perturbation  scheme,  in  the 
presence  of  damping,  leads  in  second  order  to  eight 
terms  in  the  expression  for  X(2>  : 
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Four  of  these  eight  terms  are  combined  in  pairs 
to  form  two  terms,  each  multiplied  by  one  plus  a 
correction  term,  as  follows  : 


where  K  =  i(Tkj  —  Tkg  —  I ...(A 3. 3) 

For  the  second-order  susceptibility,  the  correction 
term  K  can  be  ignored  whenever  the  combination  of 
damping  terms  in  Eq.  (A3. 3)  is  small  relative  to  the 
frequency  difference  a >kj  —  uP-  It  vanishes  in  the 
absence  of  damping,  or  if  Tkj  —  Tkg  +  Tgj.  These 
results  are  analogous  to  those  of  X(3)  discussed  in  the 
text. 
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Infrared-laser-induced 
unimolecular  reactions 

The  absorption  of  30  or  more  infrared  photons  can  raise  a  molecule 
into  a  highly  excited  vibrational  state,  leading  to  some  intriguing  problems 
in  physical  chemistry,  quantum  electronics  and  statistical  mechanics. 

Nicolaas  Bloembergen  and  Eli  Yablonovitch 


Photochemistry,  which  deals  with  the  way 
in  which  chemical  reactions  are  induced 
or  altered  hy  the  presence  of  photons,  has 
been  a  very  active  branch  of  science  for 
many  years.  Although  visible  and  ultra¬ 
violet  photons,  by  giving  rise  to  excited 
electronic  states,  have  the  most  pro¬ 
nounced  effects,  much  attention  in  recent 
years  has  gone  to  infrared  photochemis¬ 
try.  Molecules  irradiated  with  a  powerful 
electromagnetic  wave  in  the  infrared  re¬ 
main  in  the  electronic  ground  state  (in  the 
Born-Oppenheimer  sense),  but  their  vi¬ 
brational  modes  may  become  highly  ex¬ 
cited.  As  a  result,  infrared-laser  radiation 
often  profoundly  affects  chemical  reaction 
rates. 

Several  reviews  of  this  topic  have  ap¬ 
peared  recently.1’2  In  this  article  we  will 
restrict  the  subject  further  by  the  condi¬ 
tion  that  the  molecule  absorbing  the  in¬ 
frared  radiation  undergoes  no  collisions 
of  any  kind.  Therefore  our  “universe” 
will  be  restricted  to  one  single  molecule 
and  a  large  bath  of  infrared  photons, 
supplied  by  one  or  more  monochromatic 
lasers.  This  limited  physical  system  is 
suitable  for  the  study  of  intriguing  ques¬ 
tions  in  statistical  mechanics,  quantum 
electronics  and  physical  chemistry. 

Laser  chemistry 

It  has  been  firmly  established  during 
the  past  few  years  that  many  polyatomic 
molecules  can  absorb  sufficient  energy 
from  an  intense  infrared  laser  pulse  that 
a  true  unimolecular  reaction  takes  place. 
Because  a  chemical  activation  energy  is 
typically  about  3  eV  and  the  infrared 
photon  for  the  C02-laser  wavelength  near 
10  microns  is  about  0.1  eV,  the  molecule 
is  absorbing  30  or  more  photons. 

Figure  1  illustrates  the  most  studied 
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unimolecular  reaction  induced  by  infrared 
radiation,  the  dissociation  of  SF6;  this 
molecule  is  becoming  the  “hydrogen 
atom”  for  multiphoton  chemistry  and 
vibrational  spectroscopy.  The  table  on 
page  26  presents  an  incomplete  list  of  the 
many  polyatomic  molecules  that  exhibit 
infrared-induced  unimolecular  reactions. 
The  list  is  being  augmented  with  each 
passing  day.  Large  organic  molecules  are 
particularly  favorable  candidates  for 
unimolecular  ir  photochemistry. 

The  interest  in  the  field  was  greatly 
enhanced  by  the  discovery  of  R.  V.  Am¬ 
bartsumian  and  Vladilen  Letokhov  that 
the  laser-induced  dissociation  reaction  is 
isotope  selective.3  This,  of  course,  has 
whetted  the  appetite  of  photochemists. 
They  are  excited  by  possible  applications 
in  the  dissociation,  cleavage,  isomeriza¬ 
tion  and  synthesis  of  complex  molecules, 
let  alone  the  question  of  isotope  selectiv¬ 
ity.  They  are  also  led  to  the  hope  for 
bond-selective  chemistry.  Consider,  for 
example,  the  halogen-substituted  meth¬ 
ane  molecule  CHFCIBr.  With  an  in¬ 
frared  wavelength  exciting  the  C-H  vi¬ 
bration  they  might  hope  to  eject  the  H 
atom  and  obtain  the  CFCIBr  radical;  with 
infrared  wavelengths  corresponding  to  the 
C-F,  C-Cl  and  C-Br  bonds,  the  other 
three  respective  dissociation  channels 
might  be  activated.  However,  the  reali¬ 
zation  of  such  dreams  has  proven  more 
difficult  than  expected;  we  will  discuss  the 
reasons  for  this  below. 

From  the  physicist’s  point  of  view  the 
system  of  one  isolated  molecule  and  a 
bath  of  monochromatic  infrared  photons 
is  an  intriguing  one.  What  type  of  non¬ 
linear  optical  effect  could  be  responsible 
for  the  absorption  of  30  or  more  infrared 
quanta?  Does  the  energy  remain  in  one 
mode,  or  will  it  be  transferred  to  and 
shared  with  other  modes?  If  so,  will  the 
distribution  be  statistical,  and  could  the 
molecular  behavior  be  ergodic- — and  on 
what  time  scale? 
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That  these  questions  are  nontrivial  can 
be  seen  from  the  fact  that  a  collisionless 
polyatomic  molecule  has  only  a  few  de¬ 
grees  of  freedom,  hardly  the  size  of  the 
systems  to  which  statistical  mechanics  is 
usually  applied.  Nevertheless,  we  shall 
find  below  that  statistical  theory  may  give 
a  good  description  of  molecular  behavior. 
How  few  degrees  of  freedom  may  a  mole¬ 
cule  have  and  still  be  capable  of  a  statis¬ 
tical  description?  Will  the  dividing  line 
occur  for  tri-atomics  or  quadra-atomics? 
This  paper  discusses  these  questions,  but 
it  remains  for  future  work  to  provide 
definitive  answers. 

Experimental  methods  and  results 

Before  the  advent  of  powerful  infrared 
lasers,  highly  excited  vibrational  states 
could  only  be  reached  by  thermal-equi¬ 
librium  heating,  by  chemical  activation  or 
by  electronic  excitation.  With  short 
C02-laser  pulses  from  TEA  lasers,  we  can 
now  excite  individual  molecules  in  a  time 
that  is  short  compared  to  any  collision 
time. 

Figure  2  shows  the  frequency  depen¬ 
dence  of  the  dissociation  probability  as 
determined  by  Ambartsumian  and  Leto¬ 
khov.1  The  isotope  selectivity  follows 
immediately  from  the  17  cm"1  shift  in  the 
infrared  spectrum  due  to  the  mass  dif¬ 
ference  between  S32F6  and  S34F6- 

A  key  parameter  of  the  multiphoton 
excitation  process  is  the  mean  number  of 
photons  absorbed  per  molecule,  ( n ). 
This  quantity  may  be  deduced  from  the 
direct  attenuation  of  the  laser  beam4  or  by 
the  heat  deposition,  as  determined  with 
an  acoustic  calorimeter.6  If  the  excitation 
is  strong  enough;  a  fraction  of  the  mole¬ 
cules  may  gain  sufficient  energy  for  dis¬ 
sociation.  The  reaction  products  may  be 
analyzed  by  infrared  spectroscopy,  gas 
chromatography  or  mass  spectroscopy. 

The  reaction  yield  is  a  rough  measure 
of  the  tail  of  the  molecular  energy  distri¬ 
bution,  the  fraction  of  molecules  with 
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Dissociation  of  sulfur  hexafluoride  by  absorption  of  infrared  radiation  in  the  v3  vibrational  mode, 
in  which  the  positively  charged  sulfur  atom  moves  with  respect  to  the  octahedron  of  the  negatively 
charged  F  atoms.  The  structure  of  SF5  is  schematic.  Figure  1 


sufficient  energy  for  dissociation.  Figure 
3  plots  the  reaction  yield  versus  the  mean 
excitation  (n).  Because  (n )  corresponds 
to  the  “center  of  gravity”  of  the  popula¬ 
tion  distribution  over  energy,  this  figure 
is  probably  the  best  available  experi¬ 
mental  measure  for  the  shape  of  the  en¬ 
ergy  distribution  function.  It  compares 
the  experimental  points  for  two  pulse 
durations  with  the  theoretical  curve  cal¬ 
culated  for  a  thermal  distribution. 

Collisionless  dissociation  occurs  most 
convincingly  at  the  intersection  of  a  mo¬ 
lecular  beam  with  the  laser  beam;6  it  is 
also  firmly  established  by  experiments 
with  very  short  pulses  in  cells  at  low 


pressure.7  Alternatively,  the  reaction 
products  may  be  probed,  with  good  time 
resolution,  by  resonance  fluorescence 
excitation  by  a  frequency-doubled  dye 
laser.8  Figure  4,  obtained  by  this  tech¬ 
nique,  shows  the  population  distribution 
over  internal  vibrational  energy  of  the  CF2 
fragments  produced  in  the  dissociation  of 
CF2C12. 

Some  of  the  other  important  experi¬ 
mental  methods  for  studying  these  mul¬ 
tiphoton  reactions  are: 

►  Ultraviolet  and  visible  luminescence 
from  electronically  excited  radicals 
created  in  the  unimolecular  reaction.9 

►  Infrared  luminescence  from  bimolec- 


ular  reaction  products  of  dissociation 
fragments  with  buffer-gas  molecules.10 

►  Center-of-mass  distribution  of  the  ki¬ 
netic  energy  of  fragments  created  by  dis¬ 
sociation  in  a  molecular  beam.7’11 

►  Intramolecular  isotopic  branching 
ratio.12 

These  reactions  also  may  be  studied 
with  double  or  multiple  frequencies,  and 
as  a  function  of  such  parameters  as  laser 
frequency,  laser  intensity,  pulse  duration, 
gas  pressure  and  delay  time  between 
pulses.  Rather  than  compile  and  criti¬ 
cally  review  this  large  body  of  experi¬ 
mental  results  here,  we  shall  discuss  the 
theoretical  concepts  that  are  consistent 
with  the  dominant  experimental  features 
of  collisionless  dissociation  induced  by 
infrared  radiation. 

The  quasicontinuum 

A  diatomic  molecule  may  be  excited 
from  the  ground  state  to  its  first  vibra¬ 
tional  level  by  a  resonant  infrared  photon. 
In  general,  the  vibrational  anharmonicity 
will  necessitate  a  lower  frequency  for  the 
absorption  of  a  second  photon,  a  still 
lower  one  for  the  third  photon,  and  so  on. 
To  reach  a  level,  v  =  30,  corresponding  to 
a  typical  dissociation  energy,  29  different 
frequencies  therefore  appear  to  be  re¬ 
quired.  While  available  evidence 
suggests  that  indeed  many  selected  in¬ 
frared  frequencies  would  be  necessary  to 
dissociate  such  a  diatomic  molecule,  the 
situation  in  polyatomic  molecules  is 
qualitatively  different. 

One  way  to  approach  the  problem  of 
the  polyatomic  molecule  is  to  imagine 
making  an  exact  solution  of  the  time- 
dependent  Schrodinger  equation  for  it. 
The  initial  condition  would  simply  be  the 
room-temperature  canonical  ensemble:  a 
distribution  of  angular-momentum 
quantum  numbers,  internal  vibrational 
energies  and  center-of-mass  velocities.  A 
solution  of  the  time-dependent  Schro¬ 
dinger  equation  would  require  a  knowl¬ 
edge  of  the  energy,  matrix  elements,  se¬ 
lection  rules  and  exact  wave  function  for 
each  level  up  to  the  dissociation  en¬ 
ergy — an  all-but-impossible  task.  Ac¬ 
count  would  have  to  be  taken  of  the  oc¬ 
tahedral  splittings,13  rotational  energy 
changes  and  Coriolis  coupling,  which  tend 
to  compensate  the  anharmonicity.1’2’14 

Fortunately,  a  simplification  occurs.  A 
schematic  picture  of  the  energy  levels  is 
shown  in  part  a  of  figure  5.  Each  of  the 
levels  represents  a  specific  vibrational- 
rotational  state  in  the  ground  electronic 
manifold.  The  most  important  feature  is 
the  existence  of  several  vibrational  de¬ 
grees  of  freedom. 

In  polyatomic  molecules  the  density  of 
states  grows  rapidly  with  energy  E,  due  to 
the  rapid  expansion  in  the  volume  of  ac¬ 
cessible  phase  space.  The  number  of 
possible  permutations  and  combinations 
of  vibrational  modes  increases  rapidly 
with  available  energy. 

The  key  point  is  that  at  a  sufficiently 


Laser  isotope  separation,  based  on  the  frequency  dependence  of  the  multiphoton  dissociation 
of  S32F6  and  S34F6  by  a  C02-laser  pulse.  Curve  a  shows  the  variation  of  enrichment  coefficients 
/C(32/34)  and  K[ 34/32)  as  points  •  and  ▲  respectively.  Curves  b  show  (in  color)  the  dissociation 
probability  for  the  two  isotopes  and  for  comparison  (in  black)  the  respective  linear  absorption  spectra. 
(After  R.  V.  Ambartsumian  and  V.  S.  Letokhov,  reference  1.)  Figure  2 
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The  probability  of  dissociating  a  molecule  with  a  laser  pulse  is  a  function  of  the  mean  energy  of 
excitation  per  pulse,  ( n )  ho.  This  graph  gives  information  relating  to  the  shape  of  the  energy- 
distribution  function  for  multiple  photon  absorption.  The  experimental  points  for  two  pulse  durations, 
100  nanosec  and  500  picosec,  are  compared  with  a  theoretical  curve  based  on  the  assumption 
of  a  thermal  equilibrium  distribution  of  the  same  energy.  Figure  3 


high  density  of  states  the  “Golden  Rule,” 
as  Enrico  Fermi  called  it,  becomes  valid. 
In  it  the  transitions  are  described  in  terms 
of  constant  rates,  and  the  full  Schrodinger 
equation  reduces  to  a  set  of  rate  equa¬ 
tions.  This  criterion  determines  the  en¬ 
ergy  region  we  call  the  quasicontinuum  to 
distinguish  it  from  the  discrete  levels, 
where  the  full  machinery  of  the  Schro¬ 
dinger  equation  is  required.  The  two 
regions  are  labelled  in  figure  5  (part  a). 
The  quasicontinuum  has  now  become 
accessible  to  investigation  by  infrared 
laser  spectroscopy. 

The  basic  condition  for  the  validity  of 
the  Golden  Rule  is  that  the  transition  rate 
should  be  neither  too  fast  nor  too  slow: 

[frcrCE)]-1 «  transition  rate  «  T2~l  (1) 

where  a{E)  is  the  density  of  available 
states  and  h/T2  is  the  width  of  the  distri¬ 
bution  of  oscillator  strength.  When  <r(E) 
is  large  enough,  a  rate-equation  descrip¬ 
tion  is  possible.  This  conclusion  is  espe¬ 
cially  useful  in  large  polyatomics,  where 
the  thermal  energy  at  room  temperature 
is  sufficient  to  boost  most  of  the  molecules 
into  the  quasicontinuum.  In  that  in¬ 
stance,  from  the  initial  condition  onward, 
we  may  use  a  rate-equation  descrip¬ 
tion15: 

dW 

-JT  =  Kn*IWn-l  +  Kn*IWn  +  l 

dt 

-  (Kn+1*  +  Kn-ie)IWn  -  KndissWn  (2) 

where  Wn  is  the  probability  of  being  in 
that  group  of  stationary  states  nho  above 
the  starting  level,  Kna  and  Kne  are  ab¬ 
sorption  and  stimulated-emission  coeffi¬ 
cients  into  that  group,  and  Knd,ss  is  the 
reaction  rate,  which  differs  from  zero  only 
for  those  states  above  the  activation  en¬ 
ergy.  Because  the  rates,  except  for  K„dlss, 
are  all  proportional  to  the  light  intensity 
7,  it  may  be  divided  from  the  right-hand 
side  of  equation  2  to  show  explicitly16  that 
the  temporal  evolution  depends  only  on 
intensity  X  time  =  energy  fluence 
(joules/cm2).  This  remarkable  conclu¬ 
sion  is  confirmed  by  data  of  Paul  Kolod- 
ner  and  his  co-workers  on  the  fractional 
dissociation  of  SFg  as  a  function  of  pulse 
duration.7  The  laser  energy  is  held  fixed 
as  the  peak  power  increases  by  a  factor 
200.  The  fraction  dissociated  increases 
only  30%,  showing  that  it  is  almost  inde¬ 
pendent  of  peak  power.  The  reaction 
yields  in  infrared  multiphoton  dissocia¬ 
tion  depend  very  strongly  on  energy 
fluence  but  only  weakly  on  peak  power. 
When  a  significant  number  of  mole- 

Scules  have  energy  in  excess  of  the  chemi¬ 
cal  activation  energy,  the  reaction  rates  on 
the  right  side  of  equation  2  becomes  im¬ 
portant.  Even  when  a  molecule  has 
enough  energy  to  react,  it  will  not  do  so 
immediately.  Only  a  small  fraction  of  the 
available  volume  of  the  phase  space  leads 
to  immediate  chemical  reaction — the 
molecule  must  wander  through  phase 
space  for  some  time  before  encountering 


that  small  region.  This  is  the  essence  of 
the  RRKM  (Rice-Ramsperger-Kassel- 
Marcus)  theory  of  chemical  reactions.17 
The  reaction  rate  is  given  by  the  fractional 
volume  of  phase  space  multiplied  by  a 
typical  vibrational  frequency  u>o.  In  the 
simplest  version,  the  Kassel  model,  the 
reaction  rate  is  given  by 

n!(n  —  m  +  N  —  1)! 

W°  (n  —  m)l(n  +  77  —  1)! 

where  m  is  the  minimum  number  of  ab¬ 
sorbed  photons  required  for  chemical  re¬ 
action  and  N  is  the  number  of  normal 
modes.  The  'factorial  coefficient  esti¬ 
mates  the  fractional  volume  of  phase 
space  leading  to  immediate  reaction. 
Typically,  m  =  30  and  excess  energy  n  — 
m  =  10  leads  to  reaction  within  10-7  sec. 
The  excess  kinetic  energy  of  the  reaction 
fragments  has  been  measured,6  by  Yuen 
Lee  and  Ron  Shen  and  shown  to  be  con¬ 
sistent  with  the  RRKM  theory. 

Before  leaving  this  aspect,  notice  that 
n  is  not  the  quantum  number  of  the 
driven  normal  mode,  for  example  the  v% 
modeinSF6.  While  the  quantum  states 
in  the  discrete  region  tend  to  be  readily 
identifiable  in  terms  of  specific  normal 
modes  of  the  molecule,  each  individual 
state  of  the  quasicontinuum  is  generally 
a  superposition  of  all  the  modes.  An  up 
transition  in  n  could  mean  either  an  up  or 
down  transition  in  1/3,  depending  on  the 
individual  states  involved. 

The  intramolecular  heat  bath 

The  simplified  picture  implicit  in 
equation  2  suggests  that  a  quantum- 
mechanical  basis  set  different  from  the 
energy  eigenstates  of  the  exact  vibrational 
Hamiltonian  might  be  appropriate.  It  is 
clear  from  the  experimental  observations 
that  the  energy  originally  fed  into  the  v% 


mode  is  at  least  partially  distributed  to 
other  modes. 

If  we  start  with  a  very  large  molecule, 
we  find  a  situation  basically  similar  to 
that  of  spin  relaxation  in  magnetic-reso¬ 
nance  experiments.  The  radiation  feeds 
energy  into  a  transition  between  two 
(spin)  energy  levels,  and  a  transfer  to  the 
continuum  of  energy  levels  of  the  lattice 
takes  place  with  a  characteristic  relaxa¬ 
tion  rate  T 1. 


The  fraction  of  CF2  photofragments  F\EV) 
formed  initially  with  vibrational  energy  £v  in  the 
v2  bending  mode  from  dissociating  CF2CI2.  The 
pulses  came  from  a  C02  TEA  laser  operated  at 
the  frequency  of  the  vB  rocking  motion  on 
CF2CI2.  The  data  points  agree  with  the  Planck 
distribution  function  for  a  vibrational  temperature 
of  1050  K,  shown  by  the  straight  line.  (After  D. 
S.  King,  J.  C.  Stephenson,  ref.  8.)  Figure  4 
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Single  out  the  vibrational  transition  at 
resonance  and  consider  all  other  modes  as 
the  lattice  or  heat  bath;  this  is  certainly 
permissible  in  a  large  molecule  at  room 
temperature.  The  anharmonic  coupling 
between  the  selected  mode  and  all  others 
provides  a  relaxation  mechanism.  It  is 
perfectly  feasible  to  heat  a  lattice  by 
means  of  electronic  paramagnetic  reso¬ 
nance.  Similarly,  a  large  molecule  may  be 
heated  by  absorption  on  one  infrared- 
active  vibration.  As  the  molecule  heats 
up,  the  resonance  frequency  shifts  and  the 
relaxation  time  becomes  shorter,  just  as 
an  epr  line  may  shift  and  broaden  with 
increasing  temperature.  This  description 
is  consistent  with  the  data  of  figure  6, 
showing  the  measured  absorption  spec¬ 
trum  of  SF6  that  has  been  boosted  into 
the  quasicontinuum  of  energy  levels  by 
thermal  heating  in  a  shock  tube.18  (For 
example,  at  1000  K,  SF6  has  thermal  vi¬ 
brational  energy  equivalent  to  8000  cm-1, 


high  enough  to  put  it  into  the  quasicon¬ 
tinuum.) 

It  may  seem  surprising  that  the  rather 
sharp  resonance  of  figure  6  would  occur  in 
an  energy  region  we  have  been  calling  the 
quasicontinuum.  The  energy  levels  of  the 
exact  Hamiltonian  are  indeed  closely 
spaced.  Nevertheless,  the  oscillator 
strength  for  transitions  from  any  given 
level  of  the  quasicontinuum  is  not  uni¬ 
formly  distributed,  but  tends  to  cluster 
near  the  frequencies  of  the  normal  modes. 
Since  the  absorption  band  does  remain 
reasonably  narrow,  the  quasicontinuum 
transitions  do  indeed  contribute  to  the 
isotopic  selectivity. 

Away  from  the  frequency  of  SF6,  the 
absorption  cross  section  falls  off,  but  not 
to  zero.  The  many  combination  and 
overtone  bands  produce  a  weak  overlap¬ 
ping  background  absorption  over  broad 
regions  of  the  infrared.  The  heating  of 
the  molecule  makes  available  new  com¬ 


binations,  further  increasing  the  back¬ 
ground  absorption  cross  section,  which  is 
generally  above  10-20  cm2.  This  explains 
the  results  of  two-frequency  irradiation 
experiments19  in  which  a  heating  pulse 
could  be  detuned  from  the  main  absorp¬ 
tion  line  and  still  produce  multiphoton 
excitation.  At  a  cross  section  of  10-20  cm2 
an  energy  fluence  of  100  J/cm 2  is  more 
than  sufficient  to  generate  a  chemical 
reaction.  This  also  explains  why  the 
primary  dissociation  fragments6  are  able 
to  absorb  more  energy  and  undergo  fur¬ 
ther  fragmentation. 

The  internal  molecular  degrees  of 
freedom  are  divided  into  two  groups,  the 
system  and  the  heat  bath.  The  driven, 
infrared-active,  vibrational  mode  should 
be  regarded  as  the  system,  with  Hamil¬ 
tonian  Hs(x)  and  wave  functions  \ps(x). 
The  other  N  —  1  vibrational  modes  should 
be  regarded  as  the  heat  bath,  with  Ham¬ 
iltonian  Hb(yi,y2,  •  •  •  yN-i)  and  wave 
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functions  fa.  The  system  and  heat  bath 
are  coupled  by  anharmonic  terms  in  the 
molecular  potential  described  by  V(x,yi, 
.  •  -  y*N-i)-  The  total  vibrational  Hamil¬ 
tonian  is: 


H  =  Hs(;c)  +  V(x,yi, . . .  yjv-i) 

+  Hb(yi, . . .  y>N-i)  (3) 


where  x  and  the  y’s  represent  the  phase- 
space  coordinates  of  the  system  and  the 
heat  bath,  respectively. 

The  new  basis  set  consists  of  product 
wave  functions  of  the  form  \psfa.  The 
density-matrix  equation  of  motion  re¬ 
duces  to: 


dp3 

dt 


-  l-  [Hs,ps] 
n 


-  -  [m<§’,Ps]  +  damping  terms  (4) 
h 

where  ps  is  the  system  density  matrix  and 
the  “damping  terms”  refer  to  the  T and 
TVtype  relaxation  rates,  which  are  fa¬ 
miliar  from  nuclear  magnetic  relaxation 
theory.  A  7V type  relaxation  process  is 
indicated  in  figure  5,  part  b.  The  driving 
Hamiltonian  is  the  product  of  the  di- 
pole-moment  operator  p  and  the  laser 
field  <S.  The  conditions  for  the  validity  of 
equation  4  are  similar  to  those  for  equa¬ 
tion  2: 

— —  «  ~  ^  «  -  (5) 

ha\,(E)  T\  T2  tc 

where  ab(E)  is  the  heat-bath  density  of 
states  and  rc  is  the  autocorrelation  time 
of  the  fluctuating  anharmonic  potential, 
which  is  typically  about  one  vibrational 
period.  The  anharmonic  potential  V 
determines  T 1  and  T 2,  and  for  rc  «  T2  the 
broadening  is  homogeneous.  In  nonrigid 
molecules,  where  slow  internal  motions 
are  possible,  rc  could  be  much  longer  and 
the  intramolecular  damping  could  be 
partially  inhomogeneous. 


Intramolecular  damping 

Inhomogeneous  contributions  to  the 
lineshape  in  addition  to  the  intramolec¬ 
ular  broadening  are  those  from  Doppler 
broadening,  rotational  structure  and  hot 
bands.  Notice  that  these  three  inhomo¬ 
geneous  broadening  mechanisms  are  as¬ 
sociated  with  momentum,  angular  mo¬ 
mentum  and  internal  energy,  respec¬ 
tively — the  three  conserved  parameters 
of  isolated  systems.  For  ft-1|p£|  «  T2  \ 
the  off-diagonal  elements  are  small  due  to 
rapid  dephasing,  and  the  operator  equa¬ 
tion  may  be  reduced  to  a  set  of  rate 
equations  for  the  populations: 

^5  =  [s<r( VFs_i  -  Ws)  +  (s  +  IV 

dt 

X  (VFs+i  -Ws)]-^  +  damping  (6) 
nco 

where  a  is  the  absorption  cross  section 
and  Vo  is  the  infrared  quantum.  Al¬ 
though  equation  6  resembles  equation  2, 
the  interpretation  is  different.  The  index 
s  represents  the  quantum  number  of  the 


The  true  quantum  states  of  the  exact  vibrational  Hamiltonian.  Diagram  a  shows  the  three  regimes 
of  vibrational  excitation:  discrete  levels,  quasicontinuum  and  true  continuum.  The  initial  popu¬ 
lation-distribution  function  N(E)  is  the  product  of  the  vibrational  density  of  states  a  (£)  and  the 
room-temperature  Boltzmann  factor.  In  the  intramolecular-heat-bath  picture,  b,  the  energy  levels 
of  the  infrared-active  v3  mode  are  shown  separately  from  the  energy  levels  of  the  remaining  modes, 
which  form  a  quasicontinuous  heat  bath.  Anharmonic  coupling  terms  cause  phase-fluctuation 
damping  (with  time  constant  T2)  and  lifetime  broadening  ( D)  of  the  v3  mode.  An  energy  relaxation 
process  of  the  7,  type  is  shown  in  black.  Figure  5 


mode  being  driven,  while  n  represents  the 
total  number  of  quanta  in  the  molecule  as 
a  whole.  For  large  molecules  at  suffi¬ 
ciently  high  temperature,  most  of  the 
transitions  take  place  between  s  =  0  and 
1.  This  is  because  the  energy  is  rapidly 
leaking  out  of  the  driven  mode  into  the 
heat  bath. 

If  the  molecule  is  initially  at  absolute 
zero  of  temperature — that  is,  if  there  is  no 
vibrational  excitation — the  concept  of  the 
heat  bath  is  not  valid  for  a  one-photon 
transition.  The  molecule  then  must  first 
undergo  a  multiphoton  transition  to  a 
highly  excited  state  with  a  sufficient  ad¬ 
mixture  of  other  mode  functions. 

The  SF6  molecule  at  room  temperature 
represents  a  borderline  case.  The  dis¬ 
crete  level  transitions  saturate,  but  for 
increasing  intensity  |£|2,  multiphoton 
transitions  to  higher  vibrational  levels 
take  place.  Nature  finds  a  ladder  of 
nearly  equally  spaced  energy  levels  with 
sufficient  strength  of  connecting  matrix 
elements  to  a  level  of  excitation  where 
conditions  1  or  5  are  met.  Thus  the  dis¬ 
crete  levels  represent  a  possible  bottle¬ 
neck,  which  becomes  less  important  the 
higher  the  initial  thermal  excitation  and 
the  higher  the  laser  intensity. 

The  subsequent  vibrational  heating  of 
the  molecule  often  causes  a  drop  in  the 
absorption  cross  section.  Figure  6  shows 
that  for  SF6  this  is  due  to  a  shift  and 
broadening  of  the  V3  absorption  band  in 
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Absorption  cross  section  per  molecule  in  a 
thermal  ensemble  of  SF6.  At  1000  K  the  mol¬ 
ecule  is  boosted  into  the  quasicontinuum,  but  the 
v3  absorption  feature  remains  well  defined.  The 
surprising  sharpness  of  the  resonance  is  due  to 
the  nonuniform  distribution  of  oscillator 
strengths.  Not  shown  is  the  background  ab¬ 
sorption  of  about  10-20  cm2.  (A.  V.  Nowak,  J.  L. 
Lyman,  ref.  18.T'  Figure  6 
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ABSORPTION  CROSS  SECTION  (KT'8  cm2) 


Shock-tube  absorption  data  (in  color)  are  compared  with  the  absorption  cross  section  derived  from 
C02-laser  heating  with  500-picosecond  pulses  as  a  function  of  vibrational  excitation  (black  line); 
both  are  at  944  cm-1.  The  two  heating  methods  give  similar  results.  Figure  7 


the  quasicontinuum — as  opposed  to  a 
true  saturation  effect,  which  would  occur 
between  isolated  levels  in  discrete  regions. 
By  employing  a  500-picosec  laser  pulse  of 
high  peak  power,  the  molecule  may  be 
boosted  directly  into  the  quasicontinuum, 
avoiding  the  saturation  and  bottlenecking 
effects  in  the  discrete  levels.  Thus,  the 
quasicontinuum  absorption  cross  section 
should  be  similar  for  both  laser-heated 
and  shock-heated  SF6.  The  comparison, 
made  in  figure  7,  shows  good  agreement 
in  the  temperature  range  above  1000  K. 

In  general,  rate  equations  2  or  6  can  be 
solved  numerically.15  For  the  case  of 
constant  cross  section  there  exists  an  an¬ 
alytical  solution — simply  a  Planck  dis¬ 
tribution.20  If  the  T i  relaxation  rate  to 
the  heat  bath  is  faster  than  the  rate  of 
heating,  the  heat  bath  will  come  into 
thermal  equilibrium  with  the  driven 
mode.  The  molecule  as  a  whole  will  have 
a  canonical  thermal  distribution,  which 
tends,  of  course,  to  be  peaked  at  a  rela¬ 
tively  well  defined  energy. 

If  the  cross  section  decreases  as  the 
bath  heats  up,  the  population  distribution 
will  tend  to  pile  up  at  higher  energies  and 
be  somewhat  narrower  than  thermal.15 
In  a  realistic  estimate  of  the  population 
distribution,  however,  the  effects  of  the 
discrete  level  barrier  for  entering  the 
quasicontinuum  must  be  accounted  for. 
Inhomogeneous  effects  in  the  discrete 
level  region  tend  to  slow  the  energy  de¬ 
position  and  smear  out  the  population 
distribution. 

As  discussed  earlier,  a  plot  of  reaction 
yield  versus  (n)  is  probably  our  best  ex¬ 
perimental  measure  of  the  shape  of  the 
population  distribution.  Figure  3  com¬ 
pares  the  experimental  results  with  a 
thermal  model.  A  100-nanosec  CO2  laser 
pulse  produces  a  significant  yield  even 
when  the  mean  number  of  photons  ab¬ 
sorbed  (n)  is  relatively  low.  The  distri¬ 


bution  therefore  tends  to  have  a  long 
high-energy  tail  and  be  broader  than 
thermal.  The  distribution  produced  by 
a  500-picosec  pulse,  on  the  other  hand, 
tends  to  be  much  closer  to  thermal,  be¬ 
cause  the  discrete  level  barrier  plays  a 
smaller  role. 

Another  theoretical  approach  to  the 
multiphoton  chemistry  problem  is  to  treat 
the  motion  of  the  atoms  in  a  purely  clas¬ 
sical  manner,  by  making  assumptions 
about  the  internuclear  potential  surface 
and  effective  charges  as  a  function  of  in¬ 
ternuclear  distances.  A  Monte-Carlo 
type  of  calculation  for  various  initial 
conditions  of  nuclear  positions  and  ve¬ 
locities  yields  the  required  distributions 
and  dissociation  rates.21 

Ergodicity 

Chemists  dream  of  being  able  to  heat 
one  part  of  a  molecule  while  leaving  the 
rest  of  the  molecule  relatively  cold.  Then 
a  unimolecular  reaction  could  be  pro¬ 
duced  via  a  channel  different  from  the 
thermodynamically  favored  one.  Such  a 
process  was  described  above  for  the  model 
molecule  CHFCIBr.  In  principle,  this 
process  would  be  possible  if  the  rate  of 
heating  of  a  given  vibrational  mode  could 
exceed  1/T 1,  the  rate  of  relaxation  to  the 
rest  of  the  molecule.  This  might  be  called 
mode-selective  or  bond-selective  heating. 
In  this  situation,  T 1  can  be  thought  of  as 
the  time  required  to  establish  ergodi¬ 
city. 

Much  fundamental  work  in  statistical 
mechanics  has  concentrated  on  estab¬ 
lishing  the  criteria  under  which  ergodicity 
holds.  (Inequality  5  is  not  such  a  condi¬ 
tion;  it  merely  determines  whether  the 
damping  may  be  regarded  as  occurring  at 
a  constant  rate,  but  it  does  not  say 
whether  the  final  steady  state  will  be  er- 
godic.)  Perhaps  the  theoretical  emphasis 
should  shift  to  concentrate  more  effort  on 


1  /Ti,  the  rate  at  which  the  equilibrium 
condition  is  approached. 

Very  little  is  known  about  the  time 
constant  Tx.  Numerical  classical-tra¬ 
jectory  calculations21  appear  to  show  that 
Ti  can  be  less  than  1  picosec.  On  the 
experimental  side,  there  is  also  very  little 
information.  In  an  ingenious  set  of 
chemical-kinetics  experiments,  the  in¬ 
tramolecular  relaxation  time  was  mea¬ 
sured22  indirectly,  by  varying  a  buffer-gas 
pressure.  For  the  cases  studied  the  upper 
limit  was  estimated  to  be  on  the  order  of 
picoseconds. 

In  another  approach,  the  excitation  of 
the  infrared-active  v 4  mode  by  multi¬ 
photon  pumping  of  SF6  in  the  14  line  was 
detected23  by  means  of  a  weak  ir  fluores¬ 
cence  in  the  14  band  of  frequencies.  Due 
to  the  technological  constraints  it  was 
only  possible  to  establish  an  upper  limit 
of  1  microsec  on  the  time  required  to 
transfer  energy  into  the  vx  mode. 

In  an  important  experiment  J.  P.  Maier 
and  collaborators24  employed  picosecond 
infrared  pulses  to  probe  the  redistribution 
of  energy  within  the  huge  coumarin-6 
molecule.  They  placed  an  upper  limit  of 
4  psec  on  the  Tx  lifetime  of  the  molecule 
in  the  vapor  phase  at  305°C.  It  would  be 
especially  interesting  to  repeat  this  type 
of  experiment  in  a  smaller  molecule  with 
less  thermal  energy.  Because  a  knowl¬ 
edge  of  T 1  under  a  variety  of  different 
conditions  is  essential  for  mode-selective 
chemistry,  more  quantitative  answers  will 
likely  be  forthcoming  in  the  next  few 
years. 

Related  questions  are  addressed  by 
overtone  spectroscopy  in  polyatomic 
molecules,  where  high  vibrational  levels 
are  excited  by  means  of  a  very  weak  sin¬ 
gle-photon  absorption  rather  than  mul¬ 
tiphoton  absorption.  Figure  8  shows  the 
spectrum  of  the  fifth  overtone  band  of  the 
C-H  stretch  in  benzene  in  the  gas  phase,25 
as  obtained  by  a  laser-acoustic  technique, 
which  is  also  illustrated  by  the  photo¬ 
graph  on  the  cover  of  this  issue  of  PHYS¬ 
ICS  TODAY. 

To  find  such  a  sharp  structure  in  the 
quasicontinuum  should  be  no  surprise  to 
us  by  now.  This  has  been  understood  by 
chemists  in  terms  of  a  local-mode  pic¬ 
ture,26  which  is  somewhat  analogous  to 
the  heat-bath  approach  we  have  been 
using. 

For  the  conditions  of  excitation  in  fig¬ 
ure  8,  the  Doppler,  rotational  and  hot- 
band  broadening  effects  are  negligible, 
and  the  broadening  must  arise  mainly 
from  the  intramolecular  anharmonic  po¬ 
tential  V.  At  present,  the  relative  con¬ 
tributions  of  Ti  lifetime  broadening  and 
T 2  phase  fluctuation  broadening  are  un¬ 
known.  The  fifth  overtone  is  a  rather 
precise  Lorentzian,  while  the  fourth 
overtone  has  some  substructure.25  It  is 
still  too  early  to  interpret  this  in  terms  of 
the  onset  of  ergodicity  at  a  definite  energy 
level. 

The  infrared  lineshapes  in  large  poly- 
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The  fifth-overtone  absorption  spectrum  of  the  C-H  stretching  mode  in  benzene  vapor.  The  linewidth 
is  associated  with  intramolecular  energy  relaxation  (Ti)  and  dephasing  effects  ( T2)\  the  experiment 
is  depicted  on  the  cover.  (After  R.  G.  Bray,  M.  J.  Berry,  ref.  25.)  Figure  8 


atomic  molecules  are  an  interesting 
problem  in  their  own  right.  These  line 
profiles  are  usually  observed  in  the  liquid 
phase,  in  which  strong  solvent  interac¬ 
tions  obviously  contribute  to  the  line- 
shape.  But  the  lines  have  similar  broad 
shapes  in  the  gas  phase,  as  shown  by  fig¬ 
ures  6  and  8.  Until  now  only  the  three 
inhomogeneous  effects,  Doppler,  rota¬ 
tional  and  hot-band  broadening,  were 
held  responsible.  The  significance  of 
fluctuations  in  the  intramolecular  an- 
harmonic  potential  V  for  line  broadening 
is  now  beginning  to  be  recognized.  Fu¬ 
ture  developments  will  be  quite  fasci¬ 
nating  as  we  learn  to  distinguish  T \  life¬ 
time  effects,  T 2  phase-fluctuation  effects, 
and  in  nonrigid  molecules  the  effects  of 
slow  fluctuations. 

Opportunities  in  chemical  physics 

We  have  already  alluded  to  the  poten¬ 
tial  applicability  of  infrared  multiphoton 
chemistry  in  producing  mode-selective 
chemical  reactions.  The  pumping  rate 
must  be  made  high  enough  to  compete 
with  T 1.  In  addition,  the  rise  time  of  the 
pulse  must  be  short  enough  to  prevent  a 
premature  nonselective  reaction.27  With 
T 1  as  short  as  it  is,  these  conditions  will  be 
difficult  to  achieve.  The  30-picoseC  CO2 
laser  pulses  produced  by  optical  free- 
induction  decay28  will  probably  play  a 
role. 

Mode-selective  nonstatistical  heating 
is  only  one  possible  application,  but  it 
may  be  difficult  to  achieve.  A  number  of 
other  unique  attributes  of  multiphoton- 
induced  chemistry  present  themselves, 
even  under  ergodic  conditions: 

►  Multiphoton  heating  can  be  ultrafast, 
leading  to  a  higher  temperature  than  can 
be  achieved  otherwise.  This  would  per¬ 
mit  a  high-energy  reaction  channel  to 
compete  more  effectively  with  a  low- 
energy  channel.  The  relative  yields  of  the 
different  reaction  products  could  be 
controlled  in  this  way. 

►  Infrared  multiphoton  heating  is  colli¬ 
sionless,  so  unimolecular  reaction  chan¬ 
nels  can  be  made  to  compete  more  effec¬ 
tively  with  bimolecular  or  collisional 
channels. 

►  Most  important,  ir  laser  heating  can 
operate  on  one  component  of  a  mixture, 
leaving  the  other  components  cold. 

The  latter,  of  course,  is  the  essence  of 
the  isotope-separation  capability,  but  it 
has  exciting  chemical  applications  as  well. 
For  example,  consider  two  sides,  A  and  B, 
of  a  chemical  reaction: 

A  —  B 

By  heating  one  of  the  components  of  A,  it 
is  possible  to  shift  the  equilibrium  to  the 
right,  and  vice  versa  for  B.  This  might  be 
rather  useful  in  organic  synthesis.  Very 
frequently  the  challenge  to  the  synthetic 
chemist  is  not  in  creating  a  molecule  of  a 
given  formula,  which  is  relatively  easy, 
but  in  producing  that  molecule  in  a  de¬ 
sired  structure  or  isomer,  which  can  be 


much  more  difficult.  The  two  isomers  A 
and  B  will  have  rather  different  ir  spectra. 
Irradiation  at  a  wavelength  at  which  the 
difference  in  absorption  cross  section  is 
large  can  convert  the  molecules  to  the 
desired  isomer. 

There  are  many  other  ways  to  exploit 
the  remarkable  capability  of  heating  one 
component  of  a  mixture. 

►  Ultrapurification  should  be  possible  by 
selectively  causing  the  undesired  mole¬ 
cules  to  react.29 

►  A  high  density  of  ground-  or  excited- 
state  radicals  can  be  generated  by  infrared 
photochemistry  and  employed  as  re¬ 
agents. 

►  The  laser  can  produce  homogeneous 
catalysts,  enhancing  the  speed  of  subse¬ 
quent  collisional  reaction  steps  in  a  mix¬ 
ture. 

One  of  the  problems  of  infrared  multi¬ 
photon  heating  is  that  is  has  been  re¬ 
stricted  mostly  to  the  gas  phase,  although 
much  interesting  biological  chemistry 
occurs  in  solution.  The  main  hindering 
influence  of  the  solvent  is  the  strong  re¬ 
laxation,  which  tends  to  damp  out  the 
excitation  and  conduct  away  the  heat. 
Again,  ultrashort  laser  pulses  should  be 
able  to  overcome  this  effect  and  open  the 
liquid  phase  to  the  prospect  of  ir  photo¬ 
chemistry. 

Challenges  ahead 

The  infrared  multiphoton  excitation 
process  will  provide  problems  and  op¬ 
portunities  for  some  time  to  come.  In  this 
review  we  have  attempted  to  organize  a 
conceptual  framework  upon  which  a 
quantitative  understanding  can  be  built. 
For  example,  at  the  present  time  the 
contributions  of  the  various  line-broad¬ 
ening  mechanisms  are  unknown,  even  for 
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SF6,  the  most  studied  case.  Different, 
types  of  molecular  systems  clearly  will 
have  to  be  studied  in  their  own  right;  this 
will  represent  an  important  opportunity 
for  specialists  in  nonlinear  spectroscopy. 
The  direct  measurement  of  reliable  7\ 
relaxation  times  is  an  important  challenge 
to  picosecond  spectroscopists. 

The  area  of  chemical  applications  is 
wide  open  and  being  pursued  by  many 
different  groups.  The  results  are  still 
somewhat  confusing,  and  it  may  take  a 
while  before  we  can  make  intelligent  use 
of  the  tools  that  have  become  available. 

In  the  area  of  fundamental  statistical 
mechanics,  the  rate  of  approach  toward 
ergodic  behavior  may  turn  out  to  be  a 
more  interesting  question  than  whether 
true  ergodicity  is  ultimately  achieved. 
Theoretical  calculations  of  Tx  in  different 
situations  would  be  very  welcome.  It  will 
be  interesting  to  learn  whether  an  isolated 
triatomic  molecule  still  falls  within  the 
realm  of  statistical  theory! 

*  *  * 

The  authors  acknowledge  receipt  of  a  preprint 
of  reference  2. 
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We  have  made  careful  absolute  measurements  of  the  collisionless  multiphoton  energy  deposition  in  SF6  for 
C02  laser  pulses  of  varying  duration  and  energy  fluence.  Likewise,  we  have  also  measured  the  absolute 
dissociation  yields.  An  experimental  plot  of  yield  versus  energy  deposition  shows  that  the  energy  distribution 
function  is  nearly  thermal,  becoming  somewhat  broader  than  thermal  for  the  longer  pulse  durations.  A 
“bottlenecking  effect”  of  molecules  in  the  discrete  level  region  is  held  responsible  for  this  smearing  of  the 
population  distribution  function. 


I.  INTRODUCTION 

Since  the  first  reports  of  isotope  selectivity1  in 
infrared-multiphoton-induced  dissociation,  the  re¬ 
search  effort  in  this  field  has  grown  tremendously.2 
Infrared-laser-induced  chemical  reaction  has  been 
shown  to  be  a  very  general  process,  occuring  in 
just  about  all  polyatomic  molecules.  The  most  de¬ 
tailed  attention  has  been  directed  toward  sulfur 
hexafluoride,  a  molecule  that  is  relatively  easy  to 
work  with.  The  large  quantity  of  spectroscopic  and 
other  data  which  has  been  collected  on  SF6  permits 
us  to  begin  to  regard  it  as  “the  hydrogen  atom”  of 
the  multiphoton  dissociation  problem. 

Two  of  the  key  parameters  of  multiphoton  disso¬ 
ciation  are  energy  deposition  and  yield.  The  exci¬ 
tation  energy  left  in  the  molecule  after  the  laser 
pulse  will,  in  general,  be  different  for  each  mole¬ 
cule  in  the  sample.  Thus  it  makes  sense  to  speak 
of  an  energy  distribution  function  produced  by  the 
passage  of  the  laser  beam.  The  measured  mean 
energy  deposition  will  therefore  tell  us  the  mean 
of  that  energy  distribution  function.  Only  those 
molecules  in  the  tail  of  the  distribution  function, 
with  energy  in  excess  of  the  activation  energy, 
have  a  finite  probability  of  dissociating.  By  mea¬ 
suring  the  reaction  yield,  we  obtain  an  estimate  of 
the  fraction  of  molecules  excited  above  the  disso¬ 
ciation  energy. 

The  two  quantities,  mean  energy  deposition  and 
yield,  measure  two  key  parameters  of  the  shape  of 
the  energy  distribution  function:  namely,  its  mean 
and  the  fractional  population  in  the  tail.  This  gives 
us  our  first  experimental  information  on  the  shape 
of  the  energy  distribution  prepared  by  multiphoton 
infrared  excitation.  In  this  article  we  shall  report 
a  series  of  unified  measurements  where  both  pa¬ 
rameters  are  obtained  together,  with  sufficient  ac¬ 
curacy  to  specify  the  shape  of  the  distribution  func¬ 
tion. 

Section  II  of  this  paper  will  review  some  of  the 
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theoretical  aspects  of  multiphoton  excitation  and 
dissociation.  The  experimental  apparatus  and 
techniques  will  be  described  in  Sec.  HI  and  the  re¬ 
sults  will  be  summarized  and  discussed  in  Sec.  IV. 

II.  THEORY 

One  of  the  most  important  facts  of  multiphoton 
dissociation  is  that  30  or  more  infrared  quanta  are 
required  to  produce  a  reaction.  This  immediately 
provokes  the  theoretical  question  of  what  type  of 
nonlinear  process  could  be  responsible  for  the  ab¬ 
sorption  of  30  or  more  photons.  While  this  prob¬ 
lem  was  fraught  with  controversy  at  first,  the 
weight  of  experimental  information  has  now  given 
us  a  clear  answer.  In  this  section  we  shall  review 
the  theory  and  the  experimental  evidence  for  it. 

Although  multiphoton  excitation  may  be  aug¬ 
mented  or  hindered  by  collisions,  it  does  not  de¬ 
pend  upon  them  and  is  best  observed  under  colli¬ 
sionless  conditions.  This  was  proven  by  experi¬ 
ments  with  molecular  beams3  and  in  gas  cells4 
operating  at  very  low  pressure  with  ultrashort 
pulse  irradiation. 

In  the  early  theoretical  treatments  coherent 
pumping  effects  among  the  low-lying  discrete  mo¬ 
lecular  levels  were  held  to  be  important.5  Such  ef¬ 
fects  would  be  quite  sensitive  to  the  peak  electric 
field  of  the  laser  wave,  which  is  needed  to  over¬ 
come  frequency  mismatches  with  the  discrete  lev¬ 
els.  Experimentally,  in  SFe  it  was  shown4  that  the 
dissociation  depended  only  weakly  on  peak  power 
and  instead  was  determined  mainly  by  energy  flu¬ 
ence.  Such  behavior  is  characteristic,  not  of  the 
discrete  levels,  but  rather  of  the  higher-energy 
region  of  closely  spaced  vibrational  levels,  which 
has  come  to  be  called  the  quasicontinuum.6 

The  key  property  of  the  quasicontinuum  is  that  at 
a  sufficiently  high  density  of  states  Fermi’s  Golden 
Rule  becomes  valid.  In  it  the  transitions  are  de¬ 
scribed  in  terms  of  intensity  proportional  rates, 
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and  the  full  Schrodinger  equation  reduces  to  a  set 
of  rate  equations.  By  contrast,  in  the  discrete  lev¬ 
els  there  appears  to  be  no  simplification  or  short¬ 
cut  to  a  brute  force  solution  of  Schrodinger’s  equa¬ 
tion. 

The  basic  condition  for  the  validity  of  Fermi’s 
Golden  Rule  is  that  the  transition  rate  should  be 
neither  too  fast  nor  too  slow: 

[tip(E)]  ~l  cctransition  rate  «  T2l,  (1) 

where  p(E)  is  the  density  of  available  states  and 
H/T2  is  the  width  of  the  distribution  of  oscillator 
strength.  When  p(E)  is  large  enough,  a  rate  equa¬ 
tion  description  is  permissible.  This  conclusion 
is  especially  useful  in  large  polyatomics,  where 
the  thermal  energy  at  room  temperature  is  suffi¬ 
cient  to  boost  most  of  the  molecules  into  the  quasi¬ 
continuum.  In  that  instance,  from  the  initial  con¬ 
dition  onward,  we  may  use  a  rate  equation  descrip¬ 
tion: 


dW„ 

dt 


=  KanIW„.l  +  K°IWn.1-(K°.1  +  K°_1)IWn 


-KfK,  (2) 

where  Wn  is  the  probability  of  being  in  that  group 
of  states  nfiw  above  the  starting  level,  K“  and  Ken 
are  absorption  and  stimulated-emission  coeffi¬ 
cients  into  that  group,  and  is  the  reaction 
rate,  which  differs  from  zero  only  for  those  states 
above  the  activation  energy.  Ignoring  Kdnm  ,  all 
the  rates  are  proportional  to  the  light  intensity  /, 
which  may  be  divided  from  the  right-hand  side  of 
Eq.  (2)  to  show  explicitly  that  the  temporal  evolu¬ 
tion  depends  only  on  intensity  x  time  =  energy  flu- 
ence  (J/cm2). 

This  enei’gy  fluence  scaling  has  been  confirmed 
in  number  of  experiments  where  the  intensity  and 
pulse  duration  were  varied  independently.  Ko- 
lodner  et  al .4  adjusted  the  infrared  pulse  dura¬ 
tion  in  the  range  0.5-100  nsec  while  keeping  the 
energy  fluence  fixed.  The  fraction  dissociated  in¬ 
creased  only  30%,  even  though  the  peak  power  in¬ 
creased  by  a  factor  of  200.  The  reaction  yields 
depend  very  strongly  on  energy  fluence  but  only 
weakly  on  peak  power. 

In  a  recent  molecular-ion  cyclotron  resonance 
experiment,  Beauchamp  et  al. 7  showed  that  the 
energy  fluence  scaling  can,  in  some  cases,  extend 
to  powers  as  low  as  1  W/c m2.  Continuous  wave 
irradiation  for  times  of  the  order  of  1  sec,  and 
fluence  of  ~1  J/cm2  produced  dissociation  of  the 
species  [  (C2H5)20]2H+.  In  view  of  these  experi¬ 
mental  results,  it  is  not  unreasonable  to  regard 
the  energy  fluence  scaling  as  experimentally  con¬ 
firmed  over  nine  orders  of  dynamic  range  from 
10-9— 1  sec. 


A  description  of  the  infrared  pumping  in  the 
quasicontinuum  region  requires  a  solution  of  Eq. 

(2) .  It  should  be  emphasized,  of  course,  that  the 
molecules  in  the  initial  ensemble  will  start  with 
an  inhomogeneous  distribution  of  internal  vibra¬ 
tional  energy,  angular  momentum,  and  transla¬ 
tional  momentum.  This  will  lead  to  inhomogeneous 
broadening  due  to  hot  bands,  rotation,  and  Doppler 
broadening.  Each  distinct  initial  state  may  experi¬ 
ence  slightly  different  absorption  and  stimulated 
emission  coefficients  in  Eq.  (2).  In  the  approach 
that  we  shall  adopt  here,  Eq.  (2)  will  be  solved 
under  a  number  of  simplifications.  Inhomogenous 
effects  of  this  type  will  be  ignored. 

It  should  be  emphasized  that  the  index  n  is  not 
the  quantum  number  of  the  driven  normal  mode, 
for  example,  the  v3  mode  in  SF6.  While  the  quan¬ 
tum  states  in  the  discrete  region  tend  to  be  readi¬ 
ly  identifiable  in  terms  of  specific  normal  modes 
of  the  molecule,  each  individual  state  of  the  quasi¬ 
continuum  is  generally  a  superposition  of  all 
modes.  An  up-transition  in  n  could  mean  either 
an  up  or  down  transition  in  v3,  depending  on  the 
individual  states  involved. 

The  absorption  and  stimulated  emission  coeffi¬ 
cients  in  Eq.  (2)  represent  up  and  down  transitions 
as  given  by  Fermi’s  Golden  Rule.  Since  the  matrix 
elements  for  an  up  and  down  transition  are  the 
same,  the  ratio  of  transition  rates  is  given  by  the 
ratio  of  density  of  final  states8 

Ken/K%^=p[nHu>]/p[(n  +  l)tvj)]  (3a) 

=  Pn  / Pn+1  ,  (3b) 

where  pn  is  the  density  of  vibrational  states  at  a 
vibrational  energy  level  nfito  above  the  starting 
state.  The  net  absorption  for  a  molecule  in  group 
n  is  the  difference  between  the  absorption  and 
stimulated  emission  coefficients  Kan+1  and  Ken_t. 

It  may  be  expressed  as  a  net  absorption  cross  sec¬ 
tion  an, 

(4) 

If  the  absorption  coefficient  on  as  a  function  of 
internal  vibrational  energy  is  known,  then  Eqs. 

(3)  and  (4)  can  be  solved  inductively  to  give  all  the 
unknown  rates,  Kan,  and  Ken  as  a  function  of  n. 

The  absorption  coefficients  ct„  are  best  deter¬ 
mined  from  experiment.  It  is  known  that  the  infra¬ 
red  spectrum  of  molecules  changes  only  a  little  up¬ 
on  internal  vibrational  excitation.  For  example, 
the  infrared  spectrum  of  a  molecule  excited  by 
thermal  equilibrium  heating9  shows  all  the  funda¬ 
mental  absorption  bands.  The  bands  are  slightly 
broadened  and  shifted,  but  are  otherwise  not 
changed  much.  A  similar  conclusion  arises  from 
the  infrared  emission  spectrum  of  molecules  that 
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have  experienced  vibrational  excitation  by  chemi- 
activation.10 

Whatever  the  observed  change  in  absorption 
cross  section,  it  is  due  primarily  to  the  broaden¬ 
ing  and  anharmonic  shifting  of  the  bands.  In  this 
respect  SF6  is  unusual  in  having  a  very  sharp  infra¬ 
red  line  with  a  strong  anharmonic  shift.  Its  cross 
section  at  944  cm-1  may  drop  by  a  factor  of  20  up¬ 
on  vibrational  excitation.  In  most  molecules  the 
change  in  cross  section  is  much  less  pronounced.11 
The  coefficients  Ken  and  Kan  may  be  deduced  from 
experimentally  observed  an ,  where  n  is  varied 
thermally,  by  chemi activation,  or  by  infrared  la¬ 
ser  excitation  and  double  resonance  probing.12 
Nevertheless,  for  the  sake  of  simplicity  and  gen¬ 
erality  we  shall  make  the  approximation  that  an 
does  not  depend  too  strongly  on  n,  which  is  quite 
well  justified  in  almost  all  cases.  Regarding  a„ 
as  a  constant  cross  section  cr,  the  solutions  to 
Eqs.  (3)  and  (4)  are  easily  obtained: 


K 


a 

n  + 1 


Hu  pn 


(5) 


For  the  sake  of  constructing  a  simple  vibrational 
density  of  states  and  for  obtaining  a  general  de¬ 
scription  that  typifies  most  molecules,  we  assume 
degenerate  vibrational  modes.  With  these  assump¬ 
tions  Eq.  (2)  may  be  solved  analytically,  which  is 
of  great  advantage  in  understanding  the  basic  pro¬ 
cess.  The  assumptions  may  be  relaxed,  of  course, 
and  the  solutions  could  be  obtained  numerically  on 
a  computer.  The  results  will  usually  not  differ 
greatly  from  the  analytic  solution  we  shall  present. 

Assuming  s  degenerate  vibrational  modes,  the 
density  of  states  is  proportional  to  a  combinatoric 
factor: 


(n  +  s  —  1) ! 
^ nCC  n\  (s  -  1) ! 


(6) 


and  the  ratio  of  density  of  states  is  given  by 

-£*-  =  "±1.  (7) 

Pn*l  n  +  S 


By  modelling  the  density  of  states  in  this  way, 
Eq.  (5)  can  be  written 


n 


n  +  s 


1 


(8) 


The  principle  of  mathematical  induction  may  be 
used  to  solve  Eq.  (8).  The  absorption  rate  coeffi¬ 
cient  Kan  into  state  n  is  given  by 
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cr  n  +  s  -  1 
Hu  s 


(9a) 


The  emission  rate  coefficient  into  state  n 
may  be  obtained  from  Eq.  (3): 


K 


e  _ 
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a 

Hu 


n  + 1 
s 


(9b) 


For  n  below  the  dissociation  limit,  the  analytic 
solution  of  Eq.  (2)  turns  out  to  be13  none  other  than 
a  thermal  distribution: 


(n  +  s  -  1) !  ( 
n\  (s  -  1) ! 


(10) 


where  the  partition  function  Z  is  given  by 

z=[i-eXp(-^)]  s,  (11) 

and  the  temperature  as  a  function  of  time  is  given 
by  the  energy  conservation  condition: 

exp(WicT)  -  1  =°f  Idt>  (12) 

where  the  left-hand  side  of  Eq.  (11)  is  sHu  times 
the  Bose- Einstein  occupation  number.  Plugging 
(9)- (12)  into  Eq.  (2)  shows  that  the  thermal  distri¬ 
bution  function  (10)  solves  the  equation.  This  con¬ 
clusion  is  of  great  utility,  since  it  suggests  the 
application  of  the  well-developed  machinery  of 
statistical  thermodynamics  to  describe  the  molec¬ 
ular  behavior. 

The  Rice-Ramsperger-Kassel-Marcus  (RRKM) 
theory  is  the  standard14  statistical-mechanical 
approach  to  unimolecular  reactions.  The  reaction 
rate  R(E)  of  a  molecule  containing  energy  E  is 
given  by 

R(E)  =  ±k+p+(E+)/p(E)  (13) 

where  k+ ,  the  barrier  crossing  rate,  may  be  taken 
as  twice  the  rate  of  vibration,  i.e.,  £+  =  2xl013 
sec-1,  and  p  +  (E+)  is  the  density  of  states  of  the 
activated  molecule.  In  view  of  Eq.  (6),  the  sim¬ 
plified  model  of  the  density  states  which  we  are 
using,  our  statistical  model  is  actually  the  QRRK 
(Quantum  Rice-Ramsperger-Kassel)  theory.  In  a 
previous  paper15  we  have  shown  that  the  difference 
in  results  between  the  QRRK  and  RRKM  models  is  not 
very  great.  While  the  count  of  the  number  of  states 
appears  crude,  it  is  justified  because  it  is  like  a  one- 
frequency  grouping  in  the  RRKM  calculation  where 
Whitten  and  Rabinovitch16  have  shown  that  this 
grouping  is  in  good  agreement  with  an  exact  count. 

The  density -of-states  p*  (F+)  available  to  the  ac¬ 
tivated  complex  is  similarly  calculated.  We  re¬ 
quire  that  a  minimum  of  m  excitations  be  in  the 
mode  corresponding  to  the  reaction  coordinate, 
while  the  remaining  n-m  excitations  may  be  in 
any  of  the  s  oscillators.  The  dissociation  energy  for 
unimolecular  reaction  is  taken  as  mhu.  The  acti¬ 
vated  complex  density  of  states  is  given  by  analogy 
to  Eq.  (6)  as 
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p  +  (E+=  ( n-m)Ku ;)  °c 


(n-m  +  s  -  1) ! 
{n  -  m) !  (s  -  1) ! 


(14) 


For  the  case  of  SFg  there  are  six  equivalent  S-F 
bonds  that  may  be  broken  leading  to  a  symmetry 
factor  of  6  in  Eq.  (13).  Thus  the  QRRK  reaction 
rate  is 


_  {n  -  m  +  s  -  1)  \  n ! 
ft"  (n  -m) !  (n  +  s  -  1) ! 


(15) 


for  a  molecule  containing  n  quanta  of  vibrational 
excitation  and  where  A  =  |6+. 

In  this  paper  we  shall  restrict  ourselves  to  the 
case  of  small  fractional  reaction  yield  per  pulse. 
Then  the  dissociation  terms  on  the  right-hand  side 
of  rate  equations  (2)  will  have  only  a  small  effect 
on  the  temporal  evolution  of  the  overall  distribu¬ 
tion  function.  Thus  we  regard  the  infrared  laser 
pumping  as  preparing  a  molecular  distribution 
function  over  internal  vibrational  energy.  After 
the  laser  pulse  has  passed  a  small  fraction  of  all 
the  molecules,  namely,  those  in  the  tail  end  of  the 
distribution  function,  will  experience  chemical  re¬ 
action.  An  even  smaller  fraction  of  molecules  may 
dissociate  during  the  laser  pulse,  but  their  num¬ 
bers  will  be  too  few  to  affect  significantly  the 
preparation  of  the  distribution  function.  There¬ 
fore,  in  the  low-yield  limit  we  are  justified  in  em¬ 
ploying  the  thermal  distribution  function  Eq.  (10), 
which  is  the  exact  solution  of  the  rate  equations 
(2)  in  the  absence  of  dissociation  terms. 

Most  of  the  reactions  occur  after  the  laser  pulse. 
Not  every  molecule  with  energy  in  excess  of  the 
dissociation  energy  will  react.  Dissociation  must 
compete  with  some  sort  of  collisional  deactivation. 
The  fractional  dissociation  from  level  n  may  be 
written 


fn  =  Rn/{Rn  +  D),  (16) 

where  D  is  the  collisional  deactivation  rate  with 
which  Rn  competes.  The  total  fractional  yield  F 
is  the  convolution  of  the  fractional  dissociation 
with  the  distribution  function: 


F  =  J2fnWn-  (17) 

n 

The  final  result  of  this  theoretical  calculation  is 
a  plot  of  F  versus  the  internal  vibrational  temper¬ 
ature  or,  equivalently,  versus  the  mean  number 
of  photons  absorbed  by  the  molecule.  Detailed 
calculations  and  graphs  of  this  type  may  be  found 
in  a  previously  published  article.15  In  Sec.  Ill  the 
experimental  results  for  F  versus  mean  number 
of  photons  will  be  presented  and  compared  with 
the  above  theory. 

At  this  point  it  would  be  useful  to  review  the  as¬ 
sumptions  and  simplifications  which  went  into  the 


theory. 

(i)  The  discrete  level  bottleneck6  was  ignored 
completely  and  the  density  of  states  was  regarded 
as  high  enough  to  satisfy  the  left  half  of  inequality 
(1).  This  is  probably  the  most  serious  simplifica¬ 
tion,  since  we  shall  see  in  the  experimental  sec¬ 
tion  that  the  energy  fluence  scaling  is  not  exact. 
Presumably,  the  bottlenecking  ?s  an  inhomogeneous 
effect,  since  it  should  depend  on  the  initial  state 

of  the  molecule.  Therefore,  we  are  also  ignoring 
all  inhomogeneous  effects. 

(ii)  The  infrared  pumping  rate  is  slower  than 
T2,  the  intramolecular  dephasing  and  redistribu¬ 
tion  to  the  other  modes  of  the  molecule.17  This 
seems  well  satisfied  at  the  COz  laser  pulse  dura¬ 
tions  that  were  employed  in  these  experiments. 

(iii)  The  net  absorption  cross  section  remains 
constant  as  the  molecule  is  excited.  This  ignores 
any  anharmonic  shifts  in  the  absorption  spectrum, 
which  is  a  good  approximation  in  most  molecules. 
This  is  not  well  satisfied  in  SF6  at  944  cm-1,  and 
it  could  lead  to  a  bunching  up  of  the  distribution 
function  as  the  less  excited  molecules  absorb  en¬ 
ergy  faster  than  the  more  excited  molecules.  This 
effect  was  first  described  in  Ref.  18  as  a  narrowing 
of  the  distribution  function  in  comparison  with  a 
thermal  distribution. 

(iv)  The  density  of  states  is  calculated  from  a 
degenerate  oscillator  model  rather  than  the  actual 
mode  frequencies  of  the  molecule.  This  does  not 
lead  to  significant  errors15  in  relation  to  experi¬ 
ment. 

(v)  The  effect  of  dissociation  on  the  distribution 
function  prepared  by  the  laser  was  ignored.  This 
is  justifiable  for  reaction  yields  small  compared 
with  unity. 

(vi)  The  effect  of  collisional  deactivation  may  be 
described  by  the  phenomenological  rate  constant  D. 
This  approximation  does  not  have  a  significant  ef¬ 
fect  on  the  results. 

(vii)  The  QRRK  theory  is  used  instead  of  the 
RRKM  theory.  Reference  15  shows  that  this  does 
not  affect  the  results  significantly. 

The  main  conclusion  of  the  theory  is  that  the 
molecular  distribution  is  close  to  a  thermal  dis¬ 
tribution  function  [Eq.  (10)].  The  departures  from 
this  formula  arise  mainly  from  approximations  (i) 
and  (iii).  Simplification  (iii)  may  be  remedied  by 
a  computer  calculation, 18  but  assumption  (i)  is  of 
a  more  fundamental  nature.  It  is  not  completely 
understood  why  the  discrete  level  bottleneck  does 
not  have  an  even  stronger  effect  than  that  observed. 
In  the  past  it  has  been  modelled6  by  invoking  a 
phenomenological  bottlenecking  fraction,  although 
this  tells  little  about  the  underlying  principles. 

The  experiments  in  this  paper  will  permit  us  to 
estimate  this  effect.  We  shall  see  that  assumption 
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(i)  is  primarily  responsible  for  the  discrepancies 
between  theory  and  experiment. 

III.  EXPERIMENT 

This  section  will  describe  two  parallel  series  of 
experiments  to  explore  the  nature  of  energy  depo¬ 
sition  in  single  molecules  of  SF6  and  the  resultant 
dissociation  of  the  molecules.  Deposition  of  laser 
energy  is  measured  by  the  optoacoustical  method,6 
essentially  a  calorimetric  technique.  Dissociation 
yield  data  axe  obtained  by  infrared  spectroscopy 
before  and  after  the  gas  has  been  irradiated  with 
many  laser  pulses.  The  goal  is  to  determine  the 
internal  vibrational  energy  distribution  function 
produced  by  infrared  laser  pumping.  The  exper¬ 
imental  technique,  along  with  some  novel  math¬ 
ematical  procedures  towards  this  end ,  will  be  detail¬ 
ed  below. 

The  optoacoustical  technique  is  ideally  suited  for 
absorption  measurements  in  the  type  of  samples 
encountered  in  this  experiment.  These  must  be 
gaseous  at  pressures  sufficiently  low  to  ensure 
the  absence  of  collisions  during  irradiation. 

Spatial  uniformity  of  irradiation  must  be  maxi¬ 
mized,  even  at  higher  fluences,  where  a  narrow 
beam  will  spread  as  a  result  of  diffraction.  Thus 
the  length  of  the  sample  is  limited.  At  the  high 
fluences  encountered  in  this  experiment,  SF6 
absorbs  10Q  times  more  weakly  at  944  cm'1  tjian 
it  does  in  the  small -signal  regime.  Here  we  have 
a  thin,  weakly  absorbing  sample  with  short  path 
length.  Accurate  measurement  of  the  transmission 
of  this  sample  is  impossible  by  ordinary  tech¬ 
niques,  since  it  differs  from  unity  by  typically 
0.07%.  This  small  absorption  is  easily  detected 
by  observing  the  momentary  pressure  increase 
due  to  the  heating  of  the  absorbing  gas.  Inherently 
a  relative  measurement  process,  it  is  calibrated 
absolutely  by  a  standard  transmission  measure¬ 
ment  carefully  done  with  the  same  laser -beam 
geometry  and  same  irradiation  cell.  Optoacous¬ 
tical  measurements  of  small  concentrations  of 
molecules  is  a  well-established  technique  in  air- 
pollution  research.19 

The  experimental  arrangement  is  shown  in  Fig. 

1.  Output  from  the  Harvard  short -pulse  C02 
oscillator -amplifier  system20  (grating -tuned  at 
944.2  cm'1)  was  gradually  focused  by  a  10-radius 
of  curvature  mirror,  then  further  reduced  by  a 
BaF2  lens  placed  in  the  focal  plane  of  the  mirror. 
The  absorption  cell  (4. 44 -cm  length,  1.9 -cm 
diameter,  NaCl  windows)  was  located  at  the  focus 
of  this  lens.  Just  prior  to  entering  the  lens,  a 
NaCl  beamsplitter  directed  7%  of  the  beam  to  a 
Ge:Au  infrared  detector.  Fluence  was  varied  by 
using  CaF2  attenuation  flats  with  0.5-mm  inter- 
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FIG.  1.  Arrangement  of  apparatus  for  the  energy  depo¬ 
sition  measurements  described  in  the  text.  The  incident 
C02  laser  pulse  is  gradually  focused  by  a  10-m  radius 
of  curvature  mirror  onto  the  optoacoustical  cell.  Fur¬ 
ther  focusing,  if  required,  is  provided  by  a  BaF2  lens. 
Intensity  of  irradiation  is  controlled  with  CaF2  attenua¬ 
tors.  A  Ge:Au  detector  monitors  the  laser  pulse  energy 
of  each  shot  and  is  absolutely  calibrated  by  frequent 
reference  to  the  Joulemeter.  Simultaneous  photographs 
are  taken  of  the  Ge:Au  signal  and  the  optoacoustical 
microphone  signal  (see  Fig.  2). 

vals  in  thickness  (transmission  of  0.5-mm  CaF2 
at  944  cm'1  is  82.5%).  The  aluminum  cell  was 
kept  at  a  10'4  Torr  vacuum  and  filled  for  experi¬ 
ments  with  SF6  (purchased  from  Matheson,  no 
further  purification).  Pressure  was  monitored  on 
a  capacitance  manometer  (MKS  Baratron).  An 
electret  microphone  (General  Radio  No. 1962- 
9602),  cylindrical  with  1.25-cm  diameter,  was 
located  inside  a  vacuum  housing  integral  with  the 
cell  such  that  the  diaphragm  was  flush  with  the 
main  bore  of  the  cell  (i.e.,  the  microphone  was 
0.95-cm  distant  from  the  beam). 

The  Ge:Au  detector  was  used  as  a  linear  detec¬ 
tor  to  measure  the  energy  of  each  laser  pulse. 

The  calibration  of  this  reference  arm  was  per¬ 
formed  before  each  measurement  session,  using 
a  Scientech  Joulemeter  placed  after  the  evacuated 
cell.  For  each  of  several  laser  shots,  one  takes 
the  ratio  of  the  Joulemeter  signal  to  the  Ge:Au 
signal.  Thus  we  have  a  reference  arm  calibra¬ 
tion  (joules  incident  per  volt  signal  from  Ge:Au). 
The  absolute  calibration  of  the  Joulemeter  itself 
was  frequently  checked  by  resistance  substitution 
heating  of  the  disk  calorimeter.  The  output  of  the 
Ge:Au  detector  was  displayed  on  one  sweep  of  a 
Tektronix  7904  oscilloscope,  and  the  microphone 
signal,  after  being  amplified  by  a  charge  sensitive 
preamplifier  (Ortec  124)  was  observed  on  a  sub¬ 
sequent,  slower  sweep.  Thus  in  one  photograph 
(typical  shot  in  Fig.  2)  one  can  have  a  measure¬ 
ment  of  both  the  incident  laser  fluence  and  the  re¬ 
sultant  acoustical  signal. 

Three  kinds  of  laser  pulses  were  employed  in 
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FIG.  2.  Oscillograph  of  optoacoustical  signal  and  inte¬ 
grated  laser  pulse  energy.  Lower  trace:  microphone 
signal  (10  mV,  200  nsec/div.);  Upper  trace:  Ge:Au  sig¬ 
nal  (200  mV,  500  nsec/div.).  Note  that  the  upper  trace 
does  not  display  the  temporal  features  of  the  laser  pulse, 
but  that  the  height  of  the  trace  is  proportional  to  the 
pulse  energy. 

these  experiments:  long -pulse-multiple-axial 
mode,  long-pulse-single-axial  mode,21  and  short  - 
pulse.  The  long  pulses  had  100 -nsec  full -width, 
at  half-maximum  duration  and  the  short  pulses 
were  of  500-psec  duration.  The  transverse 
mode  structure  was  single-mode  Gaussian  for 
all  cases.  For  a  fixed  energy  the  multimode 
pulses  exhibit  intensity  spikes  that  have  approx¬ 
imately  twice  the  peak  power  of  the  correspond¬ 
ing  smooth  single-mode  pulses  of  the  same 
energy.  Only  these  100-nsec  multi-mode  pulses 
were  used  in  the  dissociation  experiments,  this 
being  the  kind  of  pulse  used  by  other  laboratories 
for  this  purpose.  The  short  pulses  were  produced 
by  first  truncating  single-mode  long  pulses  with  a 
plasma  shutter  (optically  triggered),22  then  fur¬ 
ther  shortening  them  in  a  3-m-long  cell  of  hot  C02 
by  optical  free -induction  decay  followed  by  ampli¬ 
fication.23 

The  optoacoustical  experiment  must  be  carefully 
performed  to  ensure  linearity.  As  the  experiment 
was  done  with  gaseous  samples  at  0.121  Torr,  one 
does  not  observe  true  sound  waves,  but  rather  a 
diffusive  pressure  pulse  with  temporal  character¬ 
istics  governed  by  the  “soft”  collisions  with  the 
cell  wall.  The  “ringing”  of  the  cell  at  its  natural 
acoustical  resonant  frequency  is  only  a  small 
modulation  at  this  low  pressure.  To  be  sure  that 
the  acoustical  propagation  is  in  the  linear  regime, 
the  deposited  heat  should  raise  the  temperature  of 
the  gas  only  a  few  degrees.  Therefore,  the  beam 
area  must  be  kept  small  with  respect  to  the  cross- 
sectional  area  of  the  cell.  In  this  experiment  the 


ratio  of  areas  was  never  larger  than  0.003. 

Since  the  gas  in  the  beam  is  being  heated  as  high 
as  2000  °K,  the  temperature  of  the  gas  striking 
the  diaphragm  is  elevated  only  a  few  degrees. 
Also,  the  use  of  the  small  beam  renders  the 
measurement  relatively  free  of  dependence  upon 
precise  centering  of  the  cell,  which  is  not  the 
case  with  larger  beams.  The  acoustical  signal 
is  very  sensitive  to  background  pressure,  so  one 
must  be  sure  that  significant  outgassing  does  not 
exist,  or  one  must  oerform  the  measurements 
rapidly,  before  outgassing  becomes  a  problem. 

A  check  to  see  whether  room  air  produced  an 
optoacoustical  signal  in  our  pressure  range  pro¬ 
duced  negative  results  even  at  the  highest  fluen- 
ces.  “Window  click”  was  not  observed. 

The  absolute  calibration  of  energy  deposition 
was  done  with  the  laser  beam  area  defined  by  an 
aperture  placed  against  the  front  surface  of  the 
cell  window.  In  all  other  respects  the  optical 
setup  was  as  shown  in  Fig.  1.  This  was  done  in 
order  to  achieve  the  best  defined  beam  fluence 
profile.  A  0.030 -cm2  aperture  selected  out  the 
center  of  a  beam  focused  to  an  area  of  0.050  cm2 
by  the  10-m  radius  of  curvature  mirror.  The 
0.030 -cm2  beam  diffracts  somewhat  over  the 
length  of  the  cell,  making  the  average  beam  area 
0.035  cm2.  To  allow  for  shot -to-shot  fluctuations 
in  the  laser  output  power,  the  incident  pulse  en¬ 
ergies  were  normalized  with  a  Ge:Au  photocon- 
ductive  detector.  Then  ratios  of  the  transmitted 
energy  were  taken  with  the  cell  filled  to  4  Torr 
and  with  the  cell  evacuated.  This  gave  the  trans¬ 
mission  T  of  the  SFs  in  the  cell: 

Joules  on  calorimeter.,..,,  , 

— — - — — — - : - -(filled  cell) 

_  Ge:Au  detector  signal 

Joules  on  calorimeter,  .  , ' 

— — t — y-r — 7 - : - ;  (empty  cell) 

Ge:Au  detector  signal 

Note  that  the  500-psec  pulses  were  used  here,  so 
we  measure  a  collisionless  absorption,  even  at 
4  Torr.  This  added  tremendous  flexibility  and 
permitted  us  to  make  a  really  accurate  calibra¬ 
tion.  For  each  laser  shot  the  fluence  9  is  calcu¬ 
lated  from 

0  =  j/T/a,  (18) 

where  J  is  the  incident  energy  obtained  from  the 
Ge:Au  signal,  calibrated  as  described  previously, 
and  /T  is  the  geometric  mean  of  the  cell  trans¬ 
mission  and  corrects  for  the  fact  that  the  mole¬ 
cules  at  the  entrance  and  exit  windows  are  exper¬ 
iencing  different  fluence.  The  transmission  was 
kept  above  75%  to  ensure  that  the  correction  fac¬ 
tor  was  small.  The  area  a  of  the  aperture  was 
corrected  slightly  for  diffraction,  as  indicated 
above.  The  average  number  (n)  of  photons 
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absorbed  per  molecule  was  calculated  from  the 
following  formula: 


{n)  = 


</(!  -T) 
alN  , 


(19) 


where  l  =  4.44  cm  was  the  length  of  the  cell  and 
N  was  the  number  density  of  molecules  in  the  beam. 
After  many  such  shots,  which  were  averaged  over 
statistical  fluctuations,  we  obtained  our  standard 
absorption  of  short  (500  psec)  pulses:  (n)  =  16 
photons  per  molecule  for  a  fluence  of  9  =  0.8  j/cm2. 
All  our  optoacoustical  measurements  were  cali¬ 
brated  to  this  point.  Note  again  that  the  beam  pro¬ 
file  is  much  more  uniform  than  that  of  a  Gaussian 
beam,  due  to  the  aperture;  there  are  no  low  in¬ 
tensity  tails.  The  optoacoustical  measurements 
were  all  done  with  Gaussian  beams,  but  an  exact 
deconvolution  formula  (see  Appendix)  was  used 
to  calculate  the  uniform  fluence  energy  deposi¬ 
tion. 

The  optoacoustical  absorption  data  is  shown  in 
Fig.  3.  These  data  were  obtained  using  collima¬ 
ted  beams  with  areas  of  0.0041  and  0.010  cm2, 
where  the  area  of  a  Gaussian  beam  is  taken  as 
Itu;2.  For  obtaining  data  in  the  highest  decade  of 
fluence  with  the  500-psec  pulses,  it  was  necessary 
to  use  a  different  optoacoustical  cell  and  a  non- 
collimated  focused  beam.  This  cell  is  depicted 
in  Fig.  4.  Use  of  this  cell  was  necessitated  by 
the  optical  damage  of  the  NaCl  windows  at  inten¬ 
sities  greater  than  6  GW/cm2  (500-psec  pulse  at 
3  j/cm2).  With  beams  focused  to  0.0041  and 
0.01  cm2,  the  confocal  parameters  z0  (the  dis¬ 
tance  over  which  the  beam  area  doubles)  are 
7.74  and  18.9  cm,  respectively.  The  focused 
geometry  in  the  baffled  cell  keeps  the  windows 
in  a  lower  intensity  region  (45%  of  focal  intensity), 
so  short-pulse  fluences  up  to  8  j/cm2  are  made 
possible,  with  a  near-constant  fluence  in  the  cen¬ 
tral  bore,  where  the  acoustical  signal  is  observed. 
Due  to  the  smaller  beam  less  total  energy  was  de¬ 
posited  in  the  cell  for  a  given  fluence.  The  larger 
beam  is  necessary  at  lower  fluences  to  keep  the 
signal-to-noise  ratio  at  an  acceptable  level.  The 
baffled  cell  was  difficult  to  use  with  the  larger 
beam,  so  overlapping  runs  were  done  with  both 
baffled  and  regular  cells,  with  the  results  con¬ 
solidated  in  Fig.  3. 

The  focal-beam  areas  mentioned  above  were 
measured  by  scanning  across  the  beam  with  a 
Ge:Au  detector  masked  by  a  50-pm  diameter 
pinhole.  One  such  scan  is  shown  in  Fig.  5,  along 
with  a  Gaussian  fit  to  the  measured  intensity 
points.  As  is  easily  seen,  the  profile  is  very 
nearly  an  ideal  Gaussian.  An  independent  beam- 
width  scan  in  the  orthogonal  direction  was  also 
done,  revealing  a  slightly  oval  but  still  Gaussian 


FIG.  3.  Energy  deposition  in  SF6  measured  opto- 
acoustically  with  the  incident  C02  laser  pulse  having  a 
Gaussian  spatial  profile.  This  is  essentially  the  raw 
data,  as  opposed  to  Fig.  6,  which  corrects  for  the  Gaus¬ 
sian  spatial  distribution  of  fluence.  The  three  curves 
correspond  to  the  three  types  of  laser  pulses  employed 
in  the  experiment. 


beam  in  both  dimensions.  Heretofore  in  the  lit¬ 
erature,  a  Gaussian  beam  was  the  standard  in¬ 
tensity  profile  for  irradiation  of  matter,  with  the 
peak  intensity  being  used,  for  analytical  purposes, 
as  the  average  intensity.  This  is  perfectly  accept¬ 
able  in  linear  systems;  but  where  response  is  a 
nonlinear  function  of  intensity  or  fluence,  the  fact 
that  a  Gaussian  beam  has  a  high-intensity  center 
and  wings  that  tail  out  to  zero  cannot  be  swept  into 
an  average  so  easily.  It  is  shown  in  the  Appendix 
that  the  exact  fluence  or  intensity  dependence  of 
an  additive  function  /(/)  can  be  deconvolved  from 
the  response  function fG(I)  measured  as  an  aver¬ 
age  over  a  Gaussian  beam  by  the  simple  formula: 


/(/)  = 


d(]nl)  TgK) 


(20) 


That  is,  multiplying  fG(I)  by  its  local  logarithmic 
derivative  yields  the  actual /(/),  the  response 


FIG.  4.  Optoacoustical  cell  used  to  measure  energy 
deposition  at  the  highest  fluences.  Acoustical  baffles 
prevent  any  signal  from  the  molecules  in  the  cone- 
shaped  regions  of  the  beam  near  the  windows.  The  laser 
beam  is  well  collimated  in  the  space  between  the  baffles. 
Total  cell  length  is  17  cm,  the  diameter  is  1.9  cm,  arid 
the  central  region  is  2.5-cm  long. 
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FIG.  5.  Measured  intensity  profile  of  the  incident  laser 
pulses.  The  points  represent  the  light  intensity  observed 
through  a  50-pm  pinhole  translated  across  the  beam. 

The  curve  is  the  best-fit  Gaussian  describing  the  posi¬ 
tion  of  the  points  on  the  graph.  By  this  method  we  accu¬ 
rately  determined  that  our  laser  beams  were  Gaussian, 
and  measured  the  exact  size  of  the  beam. 


function  of  the  exact  fluence  I.  Through  this 
transformation  the  data  in  Fig.  3  become  those 
of  Fig.  6.  For  this  purpose  the  smooth  lines  on 
Fig.  3  are  least-squares  fits  of  the  data  with  the 
arbitrary  functional  form 


(nG(S)> 


a(S)& 

(1  +  y$)h  ’ 


(21) 


where  the  values  of  a,  0,  y,  and  5  are  given  in 


/  LASER  FLUENCE  (JOULES/cm2) 


FIG.  6.  Energy  deposition  in  SF6,  with  the  data  de- 
convoluted  by  the  method  explained  in  the  Appendix.  The 
three  curves  correspond  to  the  three  curves  of  Fig.  3, 
but  are  reduced  by  Eq.  (20)  to  represent  the  absorption 
per  molecule  in  a  laser  beam  of  strictly  uniform  fluence. 
The  solid  dot  is  the  absolute  calibration  point  of  the  ab¬ 
sorption  data,  to  which  all  relative  optoacoustical  mea¬ 
surements  are  referenced.  This  point  was  painstakingly 
measured  using  conventional  transmission  techniques. 


TABLE  I.  Parameters  for  arbitrary  empirical  fit 
[Eq.  (21)]  to  experimental  data. 


Pulse  type 

a 

0 

y 

<5 

500  psec 

58.04 

1.15 

1.96 

0.725 

100-usee  multimode 

10.25 

1.10 

0.0302 

2.35 

100-ttsec  single  mode 

9.18 

1.70 

0.466 

1.294 

Table  I  for  each  of  the  three  laser  pulse  types. 

The  absolute  calibration  of  Fig.  3  was  fixed  by 
way  of  applying  the  16  photons  per  molecule  at 
0.8  j/cm2  point  on  Fig.  6,  since  that  point  was 
measured  with  a  beam  defined  by  a  small  aper¬ 
ture,  not  a  full  Gaussian  beam.  That  point  is 
marked  by  a  round  black  dot  on  the  500-psec 
curve  of  Fig.  6.  This  amounts  to  running  the 
Gaussian  deconvolution  Eq.  (20)  backwards  to 
calibrate  the  raw  data  to  appear  as  seen  in  Fig. 

3.  The  difference  between  short-  and  long-pulse 
absorption  at  lower  fluence  is  due  to  the  former’s 
greater  peak  power,  enabling  rapid  excitation 
through  the  discrete  lower  states  of  SF6.  On  the 
other  hand,  the  longer  pulses  have  lower  peak 
power  and  tend  to  be  bottlenecked  in  the  discrete 
levels.  At  higher  fluences  the  traces  converge, 
as  one  would  expect. 

Using  the  given  functional  fits  [Eq.  (21)  and 
Table  i],  one  can  generate  the  absorption  cross 
section  a  =  ( n )  Kw/S  as  a  function  of  energy  fluence 
for  the  three  pulse  types  (Fig.  7).  Similarly,  one 
generates  the  incremental  cross  section  o'  =  d 
(n)Hw/d9  as  a  function  of  energy  fluence  (Fig.  8, 
depicted  only  for  short -pulse  case).  These  two 
forms  of  cross  section  have  an  important  differ¬ 
ence.  The  former  is  a  sort  of  gross  average  ab¬ 
sorption  cross  section  of  the  molecule  as  it 
accepts  photons,  starting  in  its  ground  state,  and 
is  excited  up  the  vibrational  manifold.  The  latter 
is  a  measure  of  the  cross  section  of  the  excited 
molecule,  i.e.,  the  ability  of  the  hot  molecule  to 
accept  another  photon.  Note  that  the  data  in  Fig. 

8  decrease  more  rapidly  with  increasing  fluence 
than  those  of  Fig.  7,  since  in  the  former  the 
higher  cross  section  at  low  fluence  is  not  being 
averaged  into  the  gross  cross  section.  At  low 
fluence,  of  course,  the  two  graphs  agree.  The 
observed  rapid  decrease  of  cross  section  at  944 
cm'1  is  consistent  with  the  idea9'17  that  the  mole¬ 
cular-absorption  cross  section  is  shifting  and 
broadening  with  respect  to  the  cold  molecule’s 
absorption.  In  Fig.  9  is  shown  the  measured-ab¬ 
sorption  cross  section  as  a  function  of  vibrational 
temperature  in  the  laser-heated  molecule,  com¬ 
pared  with  the  absorption  cross  section  of  shock- 
tube-heated  SF6  (data  taken  from  Ref.  9).  Good 
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FIG.  7.  Gross  absorption  cross  section  for  SF6  for 
each  of  the  three  laser  pulse  types.  This  data  corre¬ 
sponds  to  uniform  laser  irradiation. 

agreement  with  thermal  behavior  is  seen  in  the 
cross  section  at  the  temperatures  displayed  in 
Fig.  9. 

The  dissociation  experiment  is  performed  by 
multiple-shot  irradiation  of  the  same  sample 
cell.  It  is  done  at  0.121  Torr  to  exclude  collisions 
during  the  laser  pulses.  The  small  signal  trans¬ 
mission  of  the  filled  cell  at  the  v3  mode  of  SF6 
was  measured  in  an  infrared  spectrophotometer. 


FIG.  8.  Incremental  absorption  cross  section  for  SF6 
irradiated  by  500-psec  laser  pulses.  This  curve  repre¬ 
sents  the  molecular  cross  section  for  the  excited  mole¬ 
cules  to  incrementally  absorb  extra  photons.  The  large 
error  bar  is  due  to  the  twice-differentiated  nature  of  this 
data  (see  text). 


FIG.  9.  Incremental  absorption  cross  section  plotted 
vs  vibrational  temperature.  The  temperature  is  derived 
from  the  number  of  photons  absorbed  by  the  quantum 
equipartition  theorem.  The  points  are  taken  from  Ref.  9. 
The  curve  shows  data  in  Fig.  8  replotted  vs  temperature. 

After  measuring  the  average  pulse  energy  with 
the  Joulemeter,  the  cell  was  placed  in  the  beam 
for  an  irradiation  consisting  of  12-5000  laser 
pulses.  Afterwards,  the  small  signal  v3  trans¬ 
mission  was  measured  again.  The  fraction  of 
SF6  remaining  undissociated  is  proportional  to 
the  ratio  of  the  logarithms  of  the  transmissions 
after  and  before  the  irradiation.  Long-term 
shot -to-shot  stability  of  the  laser-pulse  energy 
was  checked  by  observing  the  output  of  the  Joule- 
meter  on  a  strip-chart  recorder.  After  dissocia¬ 
tion  no  reverse  reaction  is  observed,  in  contra¬ 
diction  to  Tal  et  al.2i  The  fluorine  and  SF5  radi¬ 
cals  are  quick  to  react  with  any  impurity  or  with 
the  cell  wall.  Both  the  SF6  and  the  products  are 
stable,  even  on  the  time  scale  of  hours,  as  ob¬ 
served  in  the  infrared  spectra.  One  should  avoid 
overexposing  the  sample,  i.e.,  dissociating  more 
than  25%  of  the  SF6,  to  ensure  that  the  post-irradi¬ 
ation  reaction  milieu  is  not  greatly  altered  over 
the  course  of  a  long  exposure. 

The  reaction  yield  per  shot  was  determined  from 
the  following  formula: 

F  ={A'/aM)  In  (P {/Pf) , 

where  P  {  and  Pf  are  the  initial  and  final  partial 
pressures,  A'  and  a  are  the  cell  and  beam  areas, 
respectively,  and  M  is  the  number  of  laser  shots 
of  irradiation.  The  beam  was  a  collimated  Gaus¬ 
sian,  and  its  area  is  taken  as  a  =  jncoZ,  where 
w0  is  the  familiar  Gaussian  mode  parameter. 

Since  the  reaction  yield  is  a  Gaussian  averaged 
quantity,  it  was  deconvolved  using  Eq.  (20). 

Comparing  RRKM  reaction  theory  to  the  disso¬ 
ciation  experiment,  the  combined  data  are  plotted 
in  Fig.  10.  Here  the  squares  represent  the  disso¬ 
ciation  yield  for  multimode  100 -nsec  pulse  irradia¬ 
tion,  with  the  corresponding  number  of  photons 
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absorbed  at  the  irradiation  fluences  at  which  the 
dissociation  was  performed.  The  circles  repre¬ 
sent  the  same  dissociation  data,  but  with  the  pho¬ 
ton  number  corresponding  to  500-psec  pulse 
irradiation  at  the  same  fluence  as  the  multimode 
100-nsec  radiation,  which  was  used  for  the  disso¬ 
ciation.  We  did  not  repeat  the  dissociation  ex¬ 
periments  with  the  500-psec  pulses,  since 
Kolodner  et  al ,4  had  already  shown  that  the  yield 
changed  little  over  the  full  range  of  pulse  dura¬ 
tions. 

Figure  10  is  the  main  result  of  this  paper.  The 
experimental  points  give  information  on  the  shape 
of  the  distribution  function,  as  discussed  in  Sec. 

I.  The  theoretical  curve  was  calculated  on  the 
basis  of  the  theory  which  had  been  outlined  in 
Sec.  II.  Namely,  it  is  based  on  the  assumption  of 
a  thermal  distribution  function.  In  the  theory,  the 
dissociation  energy  was  taken  as  94  kcal/mole, 
or  m  =  35  photons,  as  recommended  by  Benson.23 
The  conclusions  to  be  drawn  from  the  theory  and 
experiment  will  be  discussed  in  Sec.  IV. 

Let  us  close  this  section  with  an  analysis  of  the 
experimental  errors.  We  estimate  the  uncertain¬ 
ty  in  the  optoacoustical  data  to  be  about  10%,  re¬ 
sulting  almost  entirely  from  the  uncertainty  in 
the  absolute  absorption  measurement.  Since  the 
derived  data,  such  as  Figs.  6  and  7,  involve 
taking  derivatives,  the  error  is  roughly  doubled 
for  these  curves.  Figure  8  displays  twice -differen¬ 
tiated  data,  and  thus  is  even  more  uncertain.  Note, 
for  example ,  the  error  bars  of  Fig.  6.  The  error  is 
greater  at  the  extremes,  since  the  derivative  of 
the  data  is  based  on  fewer  data  points. 

The  collisionless  nature  of  the  energy  deposi¬ 
tion  was  confirmed  by  using  the  transmission 
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FIG.  10.  Dissociation  probability  per  pulse  as  a  func¬ 
tion  of  the  mean  energy  of  excitation  per  pulse,  («)/zw. 
This  graph  gives  information  relating  to  the  shape  of  the 
energy  distribution  function  produced  by  multiple  photon 
absorption.  The  experimental  points  for  two  pulse  dura¬ 
tions  are  compared  with  a  theoretical  curve  (thermal 
RRKM)  based  on  the  assumption  of  a  thermal  equilibrium 
distribution  of  the  same  mean  energy. 


technique  in  a  1.25-m  cell  with  the  100-nsec 
pulses  at  pressures  in  excess  of  0.121  Torr.  At 
a  pressure  of  0.35  Torr,  the  energy  deposition 
had  increased  only  10%.  Extrapolating  backward 
shows  that  the  additional  energy  deposition  due  to 
finite  pressure  effects  at  0.121  Torr  was  surely 
less  than  10%. 

To  ensure  that  the  absolute  calibration  was  not 
affected  by  SF6  molecules  adsorbed  on  the  win¬ 
dows,  the  transmission  experiments  were  re¬ 
peated  at  constant  pressure  for  cells  of  different 
length.  No  window  contribution  was  observed. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  experimental  results  presented  in  Sec.  in 
permit  us  to  draw  some  definite  conclusions  re¬ 
garding  the  theoretical  model  for  multiphoton 
pumping.  In  particular,  it  is  interesting  to  test 
the  energy  fluence  scaling,  which  is  the  starting 
point  of  the  theory. 

Figure  6  shows  the  energy  deposited  per  mole¬ 
cule  by  the  different  types  of  pulses.  The  absolute 
calibration  point  is  marked  by  the  heavy  black  dot 
on  the  500-psec  curve.  It  can  be  seen  immediate¬ 
ly  by  inspection  of  the  curves  that  the  energy 
fluence  scaling  is  not  exact.  The  smooth  100-nsec 
pulse  deposits  the  least  energy.  A  multimode 
pulse  of  the  same  duration  deposits  about  twice 
as  much  energy.  The  500-psec  pulse  deposits 
much  more  energy  at  the  low  end,  but  converges 
with  the  100-nsec  multimode  pulse  above  ,9  -  3 
j/cm2.  The  differences  are  real,  but  they  should 
not  be  overemphasized.  The  peak  power  changes 
by  a  factor  of  200,  while  the  energy  deposition 
increases  by  only  a  factor  of  2.  The  fluence  de¬ 
pendence  dominates  the  effects  of  peak  power. 

Since  the  energy  fluence  scaling  should  be  ex¬ 
act  in  the  quasicontinuum,  it  is  clear  that  the 
discrete  levels  are  still  playing  a  role.  However, 
it  is  the  discrete  levels  that  are  the  most  diffi¬ 
cult  to  model.  One  would  have  to  know  the  energy, 
matrix  elements,  selection  rules,  and  exact  wave 
function  for  all  the  levels.  This  is  a  very  for¬ 
bidding  task.  Especially  sobering  is  the  factor - 
of-2  difference  in  energy  deposition  between  the 
multimode  and  single -mode  pulses  of  the  same 
duration.  Thus,  small  changes  in  the  spectral 
structure  of  the  optical  pulse  are  having  a 
noticeable  effect  on  our  results.  Clearly,  fre¬ 
quency  mismatches  are  occurring  in  the  discrete 
level  region  and  are  more  readily  overcome  by 
the  spectrally  broad  multimode  pulse  than  by 
the  spectrally  narrow  single -mode  pulse. 

It  is  the  frequency  mismatches  that  are  re¬ 
sponsible  for  the  “bottlenecking  effect”  in  the 
discrete  level  region.  In.  view  of  the  noticeable 
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effect  of  small  spectral  changes,  it  is  clear  that 
the  different  initial  starting  states  of  the  mole¬ 
cules  in  the  room -temperature  ensemble  may 
behave  very  differently  in  regard  to  bottleneck¬ 
ing.  Therefore,  discrete  level  bottlenecking 
should  be  regarded  as  an  inhomogeneous  effect, 
which  is  different  for  the  different  molecules  of 
the  initial  ensemble.  This  compounds  the  diffi¬ 
culty  of  modelling  the  discrete  levels. 

Most  laser-chemistry  experiments  are  per¬ 
formed  with  multimode  pulses.  This  further 
increases  the  difficulty,  since  it  would  be  nec¬ 
essary  to  analyze  the  multimode  statistics  of  the 
laser  pulses.  Those  statistical  fluctuations  cause 
differences  from  shot  to  shot  and  may  explain 
some  discrepancies  in  results  between  different 
laboratories. 

In  spite  of  the  difficulties  mentioned  above,  some 
general  trends,  at  least,  can  be  noticed.  The 
bottlenecking  effect  is  diminished  at  high  laser 
powers.  The  large  Rabi  precession  frequencies 
induced  by  the  peak  laser  powers  help  to  over¬ 
come  the  frequency  mismatches  in  the  discrete 
level  region.  The  500-psec  laser  pulses  above 
1  J/ cm2  produce  a  Rabi  precession  frequency 
>5  cm'1,  which  is  sufficient  to  overcome  any 
frequency  deficit  which  may  occur.  Similarly, 
the  longer  duration  pulses  experience  less  bottle¬ 
necking  at  the  higher  fluences.  In  fact,  the 
multimode  and  500-psec  pulses  produce  essen¬ 
tially  the  same  energy  deposition  above  3  j/cm2. 

In  a  previous  paper6  we  suggested  the  following 
model  to  describe  the  bottlenecking.  The  mole¬ 
cules  were  divided  into  two  classes,  those  that 
went  directly  to  the  quasicontinuum  and  the  frac¬ 
tion  /that  remained  permanently  bottlenecked. 

The  difference  in  energy  deposition  with  respect 
to  the  500-psec  pulse  was  attributed  entirely  to 
the  fraction  bottlenecked  in  the  discrete  levels. 
Therefore 

s_{n)  -  (ri) 

1  <n>  1  (22) 

where  («)  is  the  mean  number  of  photons  deposited 
by  the  500-psec  pulse  and  (n'>  is  the  number  de¬ 
posited  by  the  longer  pulses.  For  the  multimode 
pulse  the  fraction /  is  one-half  at  1  j/cm2,  going 
down  to  zero  at  higher  fluences. 

This  model  should  be  regarded  as  an  approxi¬ 
mation,  for  there  is  no  reason  to  believe  that  the 
molecules  divide  neatly  into  two  groups.  In  gen¬ 
eral,  there  will  be  a  continuous  variation  in  mole¬ 
cular  behavior.  The  bottlenecking  should  slow  the 
entry  into  the  quasicontinuum,  smearing  the  dis¬ 
tribution  function  downward  in  an  inhomogeneous 
way,  i.e.,  differently  for  each  starting  state. 

Our  basic  experimental  information  about  the 


distribution  function  is  in  Fig.  10.  The  vertical 
axis  measures  population  in  the  tail  of  the  dis¬ 
tribution,  while  the  horizontal  axis  measures 
(n),  the  mean  of  the  distribution.  The  experi¬ 
mental  points,  which  are  plotted  for  both  500- 
and  100-nsec  pulses,  are  compared  with  a  curve 
derived  from  a  thermal  distribution  function.  It 
should  be  emphasized  that  there  are  no  adjustable 
parameters  in  the  theory.  Indeed,  the  only  para¬ 
meter  that  goes  into  the  theory  is  the  dissociation 
energy,  which  is  known25  independently. 

The  experimental  points  for  the  multimode 
100-nsec  pulse  fall  to  the  left  of  the  thermal 
curve,  indicating  a  long  tail  to  the  distribution  in 
relation  to  its  center  of  gravity.  This  is  clearly 
the  effect  of  bottlenecking,  which  holds  back  the 
mean  energy  deposition,  while  not  retarding 
those  molecules  which  enter  the  quasicontinuum 
immediately.  For  the  500-psec  pulses  the  bottle¬ 
necking  is  negligible  and  the  points  agree  well 
within  experimental  error  with  the  theoretical 
thermal  curve.  On  the  other  hand,  the  single 
mode  100-nsec  pulses  deposit  far  less  average 
energy  due  to  severe  bottlenecking.  They  would 
fall  far  to  the  left,  off  the  graph,  and  not  agree  at 
all  well  with  a  thermal  distribution  due  to  the 
dominant  influence  of  the  discrete  level  bottle¬ 
neck. 

An  important  point  should  be  made  in  regard  to 
the  effect  of  collisions  on  the  observed  yield.  The 
infrared  multiphoton  pumping  process  is  collision¬ 
less  because  of  the  short  laser  pulses,  but  most 
of  the  chemical  reactions  occur  after  the  pulse 
has  passed.  Collisions  afterward  may  affect  the 
shape  of  the  distribution  function.  They  surely 
do,  but  the  net  effect  of  the  up  and  down  transi¬ 
tions  induced  by  collisions  is  to  make  the  dis¬ 
tribution  more  thermal.  In  our  case,  it  would 
reduce  the  excess  population  in  the  tail  and  bring 
about  the  collisional  deactivation.  This  effect 
was  described  by  the  rate  constant  D  in  Sec.  II  of 
this  paper. 

Therefore,  our  basic  conclusion  is  that  infrared 
multiphoton  pumping  by  500-psec  pulses  in  SF6 
produces  an  energy  distribution  close  to  thermal. 
Multimode  100-nsec  pulses  cause  the  distribution 
to  depart  from  a  thermal  one  by  being  smeared 
out,  with  a  long  tail  in  relation  to  its  mean.  These 
experimental  observations  differ  from  the  predic¬ 
tions  of  Grant  et  al.1B  They  employed  a  computer 
solution  to  overcome  approximation  (iii),  which 
was  made  in  the  theory  of  Sec.  n.  Because  of  the 
falling  cross  section  as  seen  in  Fig.  9,  the  distri¬ 
bution  will  tend  to  bunch  up  and  become  narrower 
than  a  thermal  distribution.  Unfortunately,  their 
computer  solution  ignored  the  effects  of  bottle¬ 
necking,  which  completely  dominate  the  narrow- 
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ing  that  they  were  predicting.  For  100-nsec 
pulses  the  distribution  is  broader  than  thermal 
due  to  bottlenecking.  For  500-psec  pulses  the 
distribution  is  close  to  thermal,  but  the  data  are 
not  accurate  enough  to  see  the  discrepancy  which 
Grant  et  al.la  predicted. 

In  an  experimental  paper  Ham  et  al.26  measured 
the  slope  of  the  yield  curve  of  Fig.  10  at  one 
point  near  threshold.  They  claimed  that  the 
slope  was  too  steep  for  a  thermal  distribution. 

The  coordinates  at  which  they  measured  the  slope 
may  fall  below  the  bottommost  data  point  on  our 
graph;  however,  it  does  not  necessarily  disagree 
with  our  observations.  Nevertheless,  their 
measurement  is  in  doubt  because  the  authors  of 
Ref.  26  were  using  a  beam  consisting  of  multiple 
spatial  modes,  which  makes  it  impossible  to 
interpret  their  results  accurately.  Even  if  they 
had  used  a  Gaussian  beam,  it  would  still  have 
been  necessary  to  deconvolute  the  data  spatially 
using  Eq.  (20).  Therefore,  that  measurement 
cannot  be  directly  compared  with  our  data. 

In  conclusion,  accurate  measurements  of  energy 
deposition  and  yield  permit  a  direct  experimental 
determination  of  the  shape  of  the  energy  distri¬ 
bution  function  produced  by  infrared-multiphoton 
pumping.  The  distribution  function  is  close  to 
thermal,  becoming  broader  as  a  result  of 
bottlenecking  among  the  discrete  levels.  At 
present  we  do  not  have  a  realistic  theory  for  the 
bottlenecking  effect,  and  this  remains  a  major 
challenge  in  our  understanding  of  the  details  of 
infrared -multiphoton  chemistry. 

APPENDIX 

In  this  paper  we  have  measured  local  additive 
quantities  such  as  energy  deposition  per  molecule 
and  dissociation  probability  per  molecule.  These 
local  additive  quantities  are  observed  as  a  spa¬ 
tial  average  over  a  Gaussian  beam.  We  are 
fortunate  that  an  exact  deconvolution  formula 


exists  and  we  derive  it  here. 

Let /(/)  be  the  local  additive  parameter  that 
is  a  function  of  the  local  laser  intensity  I.  We 
actually  measure  fG(IG)  which  is  the  Gaussian 
spatially  averaged  form  of / 


mr)]2,rdr’  (23) 


where  I(r)  =  IG  exp(—  2rVcu2)  is  a  Gaussian  inten¬ 
sity  distribution  with  a  radius  at  the  beam  waist 
of  cv0  and  r  is  the  radial  coordinate  in  a  plane. 
Noticing  that  dl/l-  d^lr2 / u>2) ,  a  change  of  variables 
may  be  made  in  formula  (23): 


(24) 


Differentiating  both  sides  of  Eq.  (25)  with  re¬ 
spect  to  I G  yields 


dfMr)  ./(/„) 

dlc  I G  ’ 


(25) 


Changing  dummy  variables  and  rearranging  terms 
gives 


/(/)  =  / 


dfrM) 

dl 


(26) 


Expressing  (26)  in  terms  of  a  logarithmic  deriva¬ 
tive  gives  the  mathematical  form  shown  in  Eq. 
(20).  The  derivation  is  equally  valid  for  intensity 
or  energy  fluence.  The  only  requirement  is  that 
the  beam  be  Gaussian.  A  more  complete  set  of 
Gaussian  spatial  deconvolution  formulas  will  be 
published  in  a  forthcoming  paper.27 
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Laser-Induced  Electric  Breakdown  in  Solids 

NICOLAAS  BLOEMBERGEN,  fellow,  ieee 


Abstract — A  review  is  given  of  recent  experimental  results  on  laser- 
induced  electric  breakdown  in  transparent  optical  solid  materials.  A  fun¬ 
damental  breakdown  threshold  exists  characteristic  for  each  material.  The 
threshold  is  determined  by  the  same  physical  process  as  dc  breakdown, 
namely,  avalanche  ionization.  The  dependence  of  the  threshold  on  laser 
pulse  duration  and  frequency  is  consistent  with  this  process.  The  implication 
of  this  breakdown  mechanism  for  laser  bulk  and  surface  damage  to  optical 
components  is  discussed.  It  also  determines  physical  properties  of  self- 
focused  filaments. 

I.  Introduction 

HE  history  of  laser-induced  electric  breakdown 
is  almost  as  old  as  the  history  of  lasers  itself.  Early  in 
1963  Maker  et  al.  [1]  reported  damage  to  transparent 
dielectrics  and  the  production  of  a  spark  in  air  by  focusing 
a  pulsed  ruby  laser  beam.  The  importance  of  these 
phenomena  for  the  production  of  laser-induced  dense 

Manuscript  received  September  17,  1973.  The 'A'ork  was  supported  in  part 
by  the  Joint  Services  Electronics  Program,  NASA,  and  the  Advanced 
Research  Projects  Agency.  This  review  is  based  on  a  lecture  presented  at  the 
2nd  International  Meeting  on  Lasers  and  their  Applications,  Dresden,  Ger¬ 
many,  June  1973. 

The  author  is  with  the  Division  of  Engineering  and  Applied  Physics,  Har¬ 
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plasmas  and  for  the  propagation  characteristics  of  high- 
power  laser  beams  through  solids,  liquids,  and  gases  was 
quickly  recognized.  The  subject  of  electric  breakdown  in 
transparent  optical  solids,  including  laser  materials,  win¬ 
dows,  and  other  optical  components,  remained,  until 
recently,  largely  an  empirical  or  engineering  science. 
Although  a  vast  amount  of  theoretical  and  experimental 
effort  was  expended  in  the  economically  and  technically 
important  problem  of  optical  damage,  quantitative 
reproducible  breakdown  thresholds  with  unambiguous 
theoretical  interpretations  have  been  obtained  only  during 
the  last  two  years.  The  situation  was  somewhat  analogous 
to  the  development  of  our  understanding  of  the  problem 
of  dc  breakdown  in  electrical  insulators.  There,  too,  the 
field  developed  largely  by  engineering  trial  and  error. 
Basic  quantitative  understanding  was  not  achieved  until 
reproducible  experimental  results  on  well-defined 
materials  were  obtained  [2].  The  difficulties  in  dc 
breakdown  experiments  were  manifold:  the  influence  of 
the  shape  of  electrodes,  the  occurrence  of  space  charges, 
the  rise  time  of  the  voltage  pulse,  the  effects  of  heating  due 
to  prebreakdown  Currents,  the  origin  of  the  first  few  elec- 
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trons  to  start  the  avalanche,  etc.  The  experiments  by  von 
Hippel  [3]  on  alkali-halide  crystals,  35  years  ago,  provided 
the  first  reliable  breakdown  thresholds,  which  were 
characteristic  for  each  alkali-halide  compound.  The  data 
could  be  explained  by  theories  of  avalanche  ionization. 
Among  the  various  competing  theoretical  versions  [2]  of 
avalanche  ionization  and  breakdown  in  solids,  the  model 
of  Seitz  [4]  appears  to  be  in  close  agreement  with  ex¬ 
perimental  observations.  The  few  exceptional  electrons  in 
the  high-energy  tail  of  the  electron  distribution  are  respon¬ 
sible  for  the  buildup.  Seitz  estimates  that  30  to  40 
generations,  corresponding  to  an  amplification  factor  of 
about  108  to  1010  in  the  electron  density  is  required  for 
electric  breakdown.  We  shall  postpone  further  discussion 
of  this  model  to  Section  III,  where  it  will  be  shown  that  the 
same  model  is  capable  of  explaining  laser-induced  electric 
breakdown. 

The  experimental  difficulties  in  laser  breakdown  in¬ 
vestigations,1  which  often  prevented  the  establishment  of 
reproducible  thresholds,  were  the  following. 

1)  Irreproducibility  in  the  temporal  and  spatial 
behavior  of  the  laser  field,  caused  by  multimode  operation 
of  high-power  lasers,  often  prevented  the  establishment  of 
reproducible  thresholds.  This  problem  can  be  eliminated 
by  careful  transverse  and  longitudinal  mode  control. 

2)  The  influence  of  absorbing  inclusions  often 
prevented  the  establishment  of  reproducible  thresholds. 
Linear  absorption  in  high-intensity  laser  fields  causes  such 
a  high  rate  of  energy  deposition  that  the  temperature  of 
the  absorbing  inclusion  may  rise  by  thousands  of  degrees 
and  cause  local  melting  and  evaporation.  The  thermal 
stresses  may  cause  damage  to  the  material  in  which  the  in¬ 
clusion  is  imbedded.  The  heat  conduction  and  mechanical 
stress  problem  can  be  solved  by  classical  methods  [6].  The 
situation  depends  of  course  on  the  size  of  the  absorbing  in¬ 
clusion,  on  the  laser  pulse  duration,  and  on  whether  the  in¬ 
clusion  is  optically  thick  or  thin.  In  practice,  sub- 
microscopic  absorbing  particles  often  set  the  damage 
threshold  for  optical  components.  The  occurrence  of  Pt 
particles  in  Nd-glass  laser  rods  is  well  documented.  Such 
inclusions  can  be  eliminated.  They  are,  of  course,  not  a 
fundamental  physical  property  of  the  material,  and  the 
damage  threshold  of  the  ideally  pure  solid  may  be  con¬ 
siderably  higher.  In  laser-induced  breakdown  experiments 
it  is  important  to  either  eliminate  or  else  discriminate 
against  the  effects  of  absorption  in  nominally  transparent 
materials. 

3)  In  ideally  transparent  materials  the  phenomenon  of 
self-focusing  often  determines  the  damage  threshold  (see 
[7]  for  comprehensive  references  to  the  extensive 
literature).  The  characteristic  filamentary  fossil  damage 
tracks  in  optical  glass  components  are  a  well-known  exam¬ 
ple.  Although  electric  breakdown  and  avalanche  ioniza¬ 
tion  may  indeed  occur  in  the  self-focused  region,  the 
observed  threshold  is  in  such  a  case  a  critical  power 

1  No  attempt  is  made  in  this  paper  to  compile  a  complete  bibliography 
on  laser  damage  investigations.  The  reader  who  wishes  to  delve  into  the 
history  of  this  subject  may  profitably  start  by  consulting  the  general 
references  in  [5], 


threshold  for  self-focusing  rather  than  a  flux  density 
threshold  for  electric  breakdown.  In  quantitative 
breakdown  experiments  self-focusing  and  even  incipient 
deformation  of  the  laser  beam  due  to  the  intensity- 
dependent  index  of  refraction  must  be  avoided. 

The  theories  for  the  initial  stages  of  electric  breakdown 
by  light  have  been  extensively  developed,  especially  for 
gases.  Ralzer  has  shown  in  a  good  early  review  article  [8] 
that  the  two  fundamental  processes  in  the  initial  stages  of 
plasma  formation  in  transparent  gases,  are  multiphoton 
ionization  and  cascade  or  avalanche  ionization.  The  first 
electrons  are  formed  by  frequency-dependent  tunneling. 
Keldysh  [9]  has  shown  that  the  tunneling  mechanism 
becomes  equivalent  to  multiphoton  ionization  in  the  high- 
frequency  limit. 

Free  electrons  may  gain  energy  in  the  alternating  elec¬ 
tric  field.  In  the  low-frequency  limit  this  process,  in  con¬ 
junction  with  electronic  collisions,  leads  to  joule  resistive 
heating.  In  the  high-frequency  limit  the  same  type  of 
process  is  described  as  inverse  bremsstrahlung  [8].  Either 
description  will  give  the  possibility  of  creating  some  elec¬ 
trons  with  a  sufficiently  high  energy  that  they  may  cause 
ionization  in  the  next  collision,  creating  a  new  generation 
in  the  avalanche. 

The  same  two  types  of  processes  occur  in  dense  matter. 
The  different  arrangement  of  energy  levels,  in  valence  and 
conduction  bands,  as  well  as  the  much  shorter  collision 
time  of  electrons  in  solids  [10],  [11],  will  lead  to  quan¬ 
titative  differences  from  the  phenomena  in  gases.  The  mul¬ 
tiphoton  absorption  process  creating  transitions  from  the 
valence  band  to  the  conduction  band  has  been  rather  per¬ 
sistently  invoked  as  a  nonlinear  mechanism  important  for 
laser  damage.  It  should  be  noted,  however,  that  in  this 
case  rather  abrupt  changes  in  damage  threshold  should  oc¬ 
cur  as  a  function  of  laser  frequency,  when  this  frequency  is 
raised  so  that  the  forbidden  gap  may  be  crossed  by  three 
or  by  two  photons,  respectively.  If  multiphoton  absorp¬ 
tion  processes  were  important,  they  should  also  be  clearly 
observable  before  catastrophic  breakdown  occurs. 

In  this  paper  recent  conclusive  experimental  and 
theoretical  evidence  will  be  presented  that  laser-induced 
electron  avalanche  ionization  is  usually  the  mechanism 
that  determines  the  breakdown  threshold  in  pure 
transparent  crystalline  or  amorphous  solids  and  liquids. 
The  threshold  is,  however,  very  sensitive  to  physical  and 
chemical  imperfections.  These  have  in  practice  determined 
the  damage  threshold  in  many  experimental  situations. 

II.  Experiments  on  Laser-Induced 
Avalanche  Ionization  in  Solids 

An  experimental  arrangement  which  positively  avoids 
self-focusing,  excludes  multiphoton  absorption,  and  dis¬ 
tinguishes  between  inclusion  and  intrinsic  lattice  damage 
has  been  devised  by  Yablonovitch  [12].  He  used  a  TEA 
C02  laser  putting  out  a  diffraction-limited  (TEM00-mode) 
pulse  train.  The  pulse  duration  is  about  10“7  s,  and  the 
peak  power  is  less  than  1  MW.  This  is  two  orders  of 
magnitude  smaller  than  the  critical  power  required  for 
self-focusing  at  10.6-^m  wavelength  for  NaCl  and  other 
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alkali-halide  crystals.  The  self-focusing  threshold  power 
may  be  estimated  from  the  known  electronic  nonlinearity 
contributing  to  the  intensity-dependent  index  of  refrac¬ 
tion.  Self-focusing  by  electrostrictive  effects  can  also  be  es¬ 
timated  in  these  short  pulses.  For  a  Gaussian  beam  the 
critical  power  for  self-focusing  [13]  Pc  maybe  expressed  in 
terms  of  the  intensity-dependent  index  n  =  n0  +  n2\E\2  by 
the  relations, 


Pc  =  3.7  Pcr 


with 


P 


cr 


c\2 

327t«2 


(la) 


(lb) 


Even  if  the  power  is  not  sufficient  to  form  a  self-focus, 
there  will  be  some  beam  distortion.  The  radius  of  the  focal 
spot  a0  produced  by  an  external  lens  for  low-power  beams 
is  altered  to  a  smaller  spot  size  according  to  [14] 


a,  =  (1  -  P/Pcry/2a0.  (2) 

Experimentally,  this  correction  factor  was  kept  smaller 
than  10  percent.  It  was  checked  that  a  change  of  total 
beam  power  with  a  concomitant  change  in  a0,  by  varying 
of  the  focal  length  of  the  external  lens  or  the  incident  beam 
in  diameter,  always  yielded  the  same  threshold  field 
strength  for  breakdown. 

Multiphoton  absorption  in  these  large  band-gap  in¬ 
sulators  would  require  about  100  quanta  at  10.6  ^m.  The 
threshold  for  this  process  becomes  essentially  the  same  as 
for  dc  tunneling  according  to  the  Keldysh  theory  [9], 
Breakdown  occurred  at  field  strengths  of  about  2  X  106 
V/cm,  an  order  of  magnitude  below  those  required  for 
tunneling. 

The  field  strength  necessary  for  breakdown  in  the 
relatively  low-power  laser  pulses  used  was  obtained  by 
focusing  with  an  external  lens.  This  lens  must  be  care¬ 
fully  corrected  for  spherical  aberrations.  The  Gaussian 
beam  from  the  fundamental  laser  mode  then  leads  to 
a  geometrically  well-defined  focal  spot  inside  the  crystal. 
The  focal  spot  diameter  was  about  10  \  »  10"2  cm.  The 
simple  geometry  is  schematized  in  Fig.  1.  It  was  found  that 
the  nominal  power  flux  density  of  about  1010  W/cm2  was 
sufficient  to  produce  breakdown  in  NaCl  by  the  10.6-)um 
pulses  of  10_7-s  duration. 

The  occurrence  of  breakdown  may  be  established  by 
one  or  more  of  the  following  observations. 

1)  There  may  be  a  sudden  decrease  in  the  transmitted 
laser  power,  as  light  is  absorbed  by  the  dense  plasma 
created  by  the  breakdown  in  the  focal  region.  An  illustra¬ 
tion  of  this  phenomenon  is  shown  in  Fig.  6.  The 
transmitted  intensity  should  drop  to  a  very  low  level  for 
intrinsic  breakdown,  as  essentially  the  whole  beam  is  in¬ 
tercepted.  By  contrast,  inclusion  damage  may  intercept 
only  a  fraction  of  the  incident  power. 

2)  The  creation  of  a  hot  plasma  in  the  breakdown 
region  may  be  established  by  any  plasma  diagnostic  tool. 


L 


Laser  Variable 

Attenuator  Lens  Sample 


Fig.  I.  Schematic  experimental  arrangement  to  determine  the  intrinsic 
breakdown  threshold.  L :  The  laser  operated  in  a  single  TEM00  mode. 
It  is  ^-switched  or  mode  locked  to  give  pulse  durations  between  10~8 
and  10~12  s.  Its  peak  power  output  is  well  below  the  critical  power  for 
self-focusing.  Afi:  Rotatable  polarizing  prism.  N2:  Fixed  polarizing 
prism.  The  prism  N2  transmits  light  polarized  parallel  to  the  laser  field 
output.  When  is  rotated  through  an  angle  6 ,  the  transmitted  inten¬ 
sity  is  proportional  to  cos4  6.  L:  This  lens  is  well  corrected  for  spherical 
aberration.  F:  Geometry  of  focal  spot  is  well  known.  A  typical  size 
would  be  10  A  (X  =  10.6  ^m,  1.06  /jm,  or  0.69  /an). 


Fig.  2.  Bulk  intrinsic  damage  bubble  in  NaCl  with  no  inclusions.  10.6- 
/im  focused  radiation  was  incident  from  the  left.  Straight  lines  repre¬ 
sent  cleavage.  (After  Yablonovitch  [12].) 


for  example,  the  scattering  from  a  second  laser  probe 
pulse.  The  observation  of  the  emission  of  hot  quasi-black- 
body  radiation  from  the  breakdown  region  is,  of  course,  a 
very  simple  form  of  evidence.  It  is  not  very  specific  and 
does  not  discriminate  easily  against  damage  from  absorb¬ 
ing  inclusions. 

3)  The  microscopic  examination  of  the  fossile  damage 
track,  after  the  sample  has  been  exposed  to  the  laser  pulse, 
is  only  applicable  in  solids.  This  method  is  also  capable  of 
distinguishing  between  intrinsic  and  inclusion  damage. 

The  former  should,  of  course,  start  at  the  geometrical 
focal  spot  where  the  flux  density  is  highest.  The  region  of 
breakdown  should  then  extend  backward  toward  the 
direction  of  the  incident  laser  beam,  as  the  laser  power 
behind  the  focus  is  decreased  by  absorption.  The  typical 
geometry  of  the  damaged  region  resulting  from  intrinsic 
breakdown  in  the  front  part  of  the  local  volume  is  shown 
in  Fig.  2.  In  Fig.  3,  where  an  alkali-halide  crystal  with  a 
higher  density  of  inclusions  was  used,  both  fundamental 
damage  (funnel  shape)  and  inclusion  damage  (spherical 
spots)  may  be  seen.  It  is  clear  that  the  damage  by  in¬ 
clusions  well  in  front  of  the  focus  occurs  at  a  much  lower 
flux  density.  While  the  damage  from  inclusions  has  a 
threshold,  which  varies  from  sample  to  sample  and  is  even 
variable  with  the  characteristics  of  each  particular  inclu¬ 
sion  inside  the  same  sample,  the  funnel-shaped  inclusions 
at  the  focal  spot  defined  by  the  external  lens  geometry 
have  a  reproducible  threshold  characteristic  for  each  alkali 
halide.  For  a  given  compound  the  threshold  field  strength 
is  reproducible  to  about  10  percent,  and  there  is  a 
systematic  variation  for  different  crystals  through  the 
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(a) 


Fig.  3.  (a)  Inclusion  damage  along  a  focused  laser  beam  track,  (b)  In¬ 

trinsic  damage  in  the  focal  region;  inclusion  damage  only  in  front  of  the 
focus.  Out-of-focus  damage  tracks  should  be  ignored.  Straight  lines 
represent  cleavage.  (After  Yablonovitch  [12].) 

periodic  system.  In  fact,  Yablonovitch  found  that  the  rms 
field  strength  for  breakdown  at  10.6  gm  has  not  only  the 
same  systematic  variation  with  the  periodic  system  as  the 
dc  breakdown  strength,  shown  in  Table  I,  but  the  two  are 
equal  within  the  uncertainties  of  the  experiments.  The 
average  ratio  of  1.25  between  the  two  quantities  shown  in 
Table  I  is  not  significant  and  could  be  due  entirely  to 
systematic  uncertainties  in  the  geometry  of  the  dc  experi¬ 
ment. 

These  results  made  it  desirable  to  extend  the  technique 
to  shorter  wavelengths.  The  experimental  arrangement  of 
Fig.  1  can  be  scaled  down  to  smaller  wavelengths.  It  is  true 
that  the  critical  power  for  self-focusing  scales  as  X2.  The 
total  laser  power  used  at  higher  frequencies  must  be 
reduced  correspondingly.  The  diameter  of  the  laser  beam 
may,  however,  be  chosen  proportional  to  the  wavelength, 
and  with  an  external  lens  of  the  same  focal  length  one  may 
readily  focus  again  to  a  spot  size  10  X.  The  power  density 
in  the  smaller  focal  spot  will  then  be  the  same  as  before.  In 
this  manner  breakdown  experiments  have  been  carried  out 
with  a  diffraction-limited  Nd-YAG  laser  [15]  at  1.06  Mm 
and  a  diffraction-limited  ruby  laser  [16]  at  0.69  It  was 
found  that  the  breakdown  threshold  in  the  alkali  halides 
was  nearly  independent  of  the  light  frequency,  as  shown 
by  the  data  for  NaCl  in  Table  II. 

Again  the  same  systematic  variation  of  the  breakdown 
threshold  is  observed  at  the  near  infrared  and  visible  laser 
frequencies  as  one  moves  through  the  periodic  table  of 
elements  among  the  alkali-halide  compounds.  The  trend 
relative  to  NaCl  is  shown  in  Fig.  4.  Note  that  the  power 
breakdown  threshold  for  Rbl  is  nearly  10  times  lower  than 
the  corresponding  threshold  for  NaCl.  The  reproducibility 
of  the  measurement,  involving  the  geometry  and  intensity 
of  the  laser  pulses,  is  between  5  and  10  percent.  Un¬ 
mistakably  an  intrinsic  property  of  the  crystalline  lattice  is 
observed  in  these  experiments.  The  threshold  appears  to 
be  essentially  independent  of  frequency  in  these  wide-gap 
insulators.  If  there  is  any  systematic  variation,  it  is  toward 
a  slightly  higher  threshold  at  the  visible  (ruby)  wavelength. 

The  dependence  of  breakdown  threshold  on  laser  pulse 
duration  was  also  studied  [17]  at  1.06  Mm •  A  mode-locked 


TABLE  I 

Dielectric  Strength  (in  Units  of  10s  V/cm)  for  rms  Laser  Field 
Strength  at  X  =  10.6  jjm  and  at  DCa 


NaF 

NaCl 

NaBr 

Nal 

dc 

2.40 

1.50 

0.83 

0.69 

1 0.6 

1.95 

0.91 

0.79 

KF 

KC1 

KBr 

KI 

dc 

1.80 

1.00 

0.69 

0.57 

10.6  )im 

2.40 

1.39 

0.94 

0.72 

RbF 

RbCl 

RbBr 

Rbl 

dc 

0.83 

0.58 

0.49 

10.6  jim 

0.93 

0.78 

0.63 

“  The  10.6-/im  data  are  taken  from  Yablonovitch  [12];  the  dc  data  are 
taken  from  von  Hippel  [3], 


TABLE  II 

Absolute  Dielectric  Breakdown  Thresholds  in  NaCl  in  Volts 

Per  Centimeter 


Electron  Mobility 

Threshold 

(106  V/cm) 

£dc 

(1.50  ) 

£rm9  (10.6  jum) 

(1.95  ±0.20) 

Emi  ( 1 .06  jim) 

(2.3  ±0.46) 

£rms  (0.69 /um) 

(2.2  ±0.44) 

(c) 

Fig.  4.  RMS  electric  field  strengths  required  for  breakdown  in  nine 
alkali  halides  relative  to  NaCl,  at  dc,  1.06  ^m.  and  0.69  jjm.  (After 
Fradin  and  Bass  [16].) 
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RMS  OPTICAL  ELECTRIC  FIELD  (MV/cm) 


Fig.  5.  Variation  of  breakdown  threshold  at  1.06  /on  with  pulse  dura¬ 
tion  (after  Fradin  el  al.  [17]).  Experimental  points  are  taken  from  [15] 
and  [17].  Drawn  curves  are  taken  from  [19]  and  are  based  on  dc 
breakdown  data  in  samples  with  varying  thickness.  Upper  curve  is 
valid  if  the  hot  electron  mobility  is  independent  of  Eac,  i.e.,  the  drift 
velocity  is  proportional  to  Edc.  Lower  curve  is  for  a  constant  drift 
velocity.  (Consult  [17]  and  [19]  for  a  more  detailed  discussion.)  Ioniza¬ 
tion  rate  is  related  to  the  pulse  duration  by  (5). 

Nd-YAG  laser  was  used  to  get  pulses  with  a  duration  of  2 
X  10“ 11  s  in  a  controlled  geometry.  The  experimental 
points  are  shown  in  Fig.  5,  together  with  a  semiempirical 
curve  derived  from  dc  data  [19], 2  which  will  be  discussed 
in  the  next  section.  It  is  seen  that  the  breakdown  field 
strength  at  1.06  gm  in  NaCl  changes  from  2  X  10®  V/cm 
for  tp  =  10-8  s  to  2  X  107  V/cm  at  tp  =  10~n  s.  The  process 
is  neither  strictly  power  flux  density  nor  strictly  energy 
fluence  density  dependent.  It  is  known  that  pulses  as  short 
as  10“12  s  can  still  produce  breakdown,  but  no  reliable 
quantitative  threshold  has  been  determined. 

The  rapid  buildup  of  the  plasma  density  is  also  evident 
from  the  sudden  cutoff  in  the  transmitted  laser  intensity, 
as  shown  by  the  oscilloscope  traces  in  Fig.  6.  The  traces 
cannot  be  used  to  measure  the  buildup  time  of  the  plasma 
density,  but  they  clearly  reveal  statistical  fluctuations  in 
the  time  required  for  breakdown.  In  the  bottom  trace  the 
same  peak  power  in  the  pulse  produced  no  breakdown  in 
three  consecutive  shots.  In  the  three  upper  traces  the 
breakdown  occurs  always  near  the  pulse  maximum,  but  it 
clearly  occurs  sometimes  slightly  earlier  or  slightly  later. 
Bass  and  Barrett  [18]  have  studied  the  statistical  character 
of  breakdown  in  more  detail.  They  show  that  there  is  not  a 
sharp  threshold,  but  that  a  probability  distribution  can  be 
defined  with  a  probability  for  breakdown  increasing  from 

2  In  [19]  the  notation  of  ?j  and  a  was  inverted  from  the  general  usage. 


10  nsec 


(d) 

Fig.  6.  Ruby  laser  pulses  transmitted  through  NaCl.  A  TFM00-mode 
ruby  laser  with  total  pulse  energy  of  0.3  mJ  was  focused  with  a  14-mm 
focal  length  lens,  (a)  Damage  peak  occurs  at  pulse  maximum  E peak  =  1  • 
(b)  Damage  pulse  occurs  before  pulse  maximum,  £'(jamaKf/-£peak  = 
0.896.  (c)  Damage  peak  occurs  after  pulse  maximum,  Edamax,./ Ep,.ak  = 
0.954.  (d)  Three  consecutive  pulses  without  damage.  Peak  maximum 
was  held  constant  £pen k  =  1  within  5  percent.  (After  Fradin  el  al.  [15].) 

zero  to  unity  in  an  interval  of  electric  field  values.  The 
breakdown  threshold  may  then  be  defined  as  that  value  for 
which  breakdown  occurs  in  50  percent  of  the  pulses. 
Under  the  experimental  conditions  for  which  the  alkali- 
halide  data  were  taken,  the  statistical  spread  is  so  narrow 
that,  within  the  limits  of  accuracy  of  the  experiment,  one 
may  speak  of  a  sharp  breakdown  treshold. 

III.  Interpretation  and  Discussion 
of  the  Results 

The  nearly  identical  behavior  of  the  laser-induced 
breakdown  and  dc  breakdown  threshold  in  the  alkali 
halides  suggests  that  the  same  physical  mechanism  is 
operative  [19].  The  mechanism  for  dc  breakdown  is 
generally  accepted  to  be  avalanche  ionization.  When  a 
sufficiently  dense  plasma  has  been  created,  the  joule 
heating  losses  in  the  strongly  colliding  electron  gas 
become  so  large  that  internally  localized  melting  and/or 
evaporation  takes  place.  The  surrounding  matrix  may  be 
subsequently  damaged  by  shock  waves  induced  by  thermal 
stresses. 

A  detailed  description  of  the  avalanche  process  by 
means  of  the  Boltzmann  transport  equation  would  involve 
a  complete  knowledge  of  all  electron  collisional  processes 
including  the  energy  dependence  of  all  atomic  and 
molecular  excitation  and  ionization  cross  sections. 
Remarkably  detailed  understanding  has  been  attained  in 
gaseous  breakdown,  e.g.,  of  the  atmosphere  [20],  but  in 
condensed  matter  there  is  still  considerable  uncertainty 
about  the  details  of  electron  distribution  in  very  high 
fields.  It  is  nevertheless  possible  to  understand  the  general 
characteristics  of  the  breakdown  phenomenon  by  the 
recognition  [4]  that  the  electron  density  N(t)  will  increase 
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because  a  few  electrons  will  be  accelerated  to  an  energy 
larger  than  the  band  gap.  These  few  electrons  have  a  high 
probability  to  create  additional  carriers,  but  the 
probability  per  electron  per  unit  time  to  undergo  an  ioniz¬ 
ing  collision  is  small. 

Seitz  [4]  cautions  that  the  accuracy  of  the  theoretical  es¬ 
timates  of  the  avalanche  threshold  is  not  high.  His 
theoretical  estimate  for  NaCl  is  about  0.3  X  10®  V/cm, 
and  he  comments,  “The  difference  between  this  and  the 
observed  value  of  1.5  X  10®  V/cm  indicates  the  ap¬ 
proximate  character  of  the  calculations”  [4],  Estimates  for 
the  breakdown  threshold  based  on  Frohlich’s  theory  are 
generally  a  factor  3  to  10  higher  than  the  experimental 
value  [2].  This  has  led  to  the  suggestion  that  the  avalanche 
may  also  proceed  via  the  ionization  of  deep  impurity 
levels.  Hellwarth  [21]  has  examined  the  role  of  impurities 
for  light-induced  breakdown  in  polar  crystals.  Sizable  im¬ 
purity  densities,  of  about  1018  cm-3,  would  be  required, 
but  the  possibility  of  deep-lying  impurity  states  in  this  con¬ 
centration  cannot  be  entirely  excluded. 

It  is  beyond  the  scope  of  this  paper  to  analyze  in  detail 
the  merits  of  various  theoretical  approaches  to  avalanche 
ionization.  The  important  point  to  be  emphasized  here  is 
that  the  correct  approach  should  give  similar  results  in 
large  band-gap  materials  for  dc-induced  breakdown  and 
for  breakdown  induced  by  laser  beams  with  frequencies  up 
to  the  visible  range.  The  recent  experimental  data  further¬ 
more  suggest  that  an  intrinsic  breakdown  mechanism,  in¬ 
sensitive  to  impurity  content,  can  be  identified. 

The  collision  time  for  slow  electrons  near  the  bottom  of 
the  conduction  band  is,  of  course,  very  sensitive  to  the 
band  structure  and  impurity  content.  In  some  semicon¬ 
ductors  this  collision  time  r  is  on  the  order  of  10“ 10  to 
10“12  s.  In  ionic  crystals  slow  electrons  are  strongly 
coupled  to  longitudinal  optical  phonons.  The  collision 
time  will  be  short  and  is  known  from  the  observed 
mobility  of  photoelectrons  in  alkali  halides,  r  ~  3  X  10"15 
s  in  NaCl.  Seitz  [4]  has,  however,  emphasized  that  the 
collision  time  for  hot  electrons,  i.e.,  electrons  with  energies 
between  3  and  10  eV,  is  short  in  any  material.  These  elec¬ 
trons  collide  mostly  via  the  deformation  potential  interac¬ 
tion,  creating  acoustical  phonons  with  large  momentum. 
They  have  a  collision  time  on  the  order  of  10“18  s.  This 
time  may  be  understood  as  follows.  In  pure  metals  elec¬ 
trons  at  the  Fermi  surface  with  energies  between  2  and  5 
eV  have  collision  times  of  about  10“14  s  when  the  k  vector 
is  near  the  middle  of  the  Brillouin  zone,  and  the  time 
generally  decreases  to  10“ 16  s  as  the  larger  momentum 
space  available  near  the  Brillouin  zone  boundary  is  ap¬ 
proached.  The  deformation  potential  mechanism  is  not 
sensitive  to  details  of  the  band  structure.  Fig.  7,  which  is 
based  on  the  discussion  of  Seitz  [4],  shows  the  trend  of  the 
inverse  collision  time  as  a  function  of  electron  energy. 
Electrons  with  momenta  near  the  boundary  of  the  first 
Brillouin  zone  have  similar  short  collision  times  in  all  con¬ 
densed  materials,  including  metals,  ionic  crystals,  valence 
semiconductors,  molecular  crystals,  and  liquids.  This  fact 
agrees  with  the  short  mean  free  path  of  about  one  in¬ 


Fig.  7.  Scattering  probability  (inverse  collision  time)  as  a  function  of 
electron  energy.  (After  Seitz  [4].)  In  nonpolar  materials  the  scattering  is 
due  to  the  deformation  potential  interaction  with  acoustic  modes.  The 
maximum  occurs  at  the  electron  energy,  where  its  momentum  is  at  the 
edge  of  the  first  Brillouin  zone.  In  ionic  crystals  the  effect  of  the 
polaron  coupling  with  optical  phonons  must  be  added  to  the  deforma¬ 
tion  potential  scattering.  This  leads  to  a  very  short  collision  time  also 
for  low-energy  electrons  in  these  materials. 


teratomic  distance  for  electrons  with  energies  between  3 
and  15  eV  in  most  materials.  The  concept  of  collision 
probability  tends  to  lose  its  meaning  for  such  short  colli¬ 
sion  times  when  hr~x  becomes  a  significant  fraction  of  the 
electron  energy.  The  concept  is,  however,  helpful  in  un¬ 
derstanding  some  of  the  salient  experimental  features  of 
avalanche  breakdown. 

While  electrical  conductivity  varies  over  many  orders  of 
magnitude,  the  dc  avalanche  breakdown  thresholds  are 
confined  to  a  relatively  narrow  range  for  such  diverse  sub¬ 
stances  as  ionic  crystal,  glass,  molecular  fluids,  water,  ice, 
liquified  noble  gases,  etc.,  provided  the  dc  pulse  is  short 
enough  and  the  electrode  configuration  is  chosen  in  such  a 
manner  that  ionic  conduction,  electron  trapping,  and 
space-charge  phenomena  are  eliminated.  The  systematic 
variation  of  the  threshold  characteristics  depends  largely 
on  the  deformation  potential,  band  gap,  and  phonon  den¬ 
sity  of  states.  These  lead  to  about  one  order  of  magnitude 
variation  in  the  breakdown  threshold  over  the  alkali- 
halide  series  [3]. 

The  short  collision  times  are  also  essential  for  the  un¬ 
derstanding  of  laser-induced  breakdown.  It  is  intuitively 
clear  that  the  breakdown  mechanism  and  the  threshold  are 
essentially  the  same  as  for  the  dc  case,  as  long  as  at  least 
one  collision  occurs,  on  the  average,  during  a  light  cycle, 
i.e.,  for  oiTeff  <  1. 

The  rate  of  increase  in  the  electron  density  N  during 
low-frequency  breakdown  is  determined  by 


dN 

dt 


v(E)N  + 


dN 

dt 


tunne 1 


(3) 


The  first  term  on  the  right-hand  side  represents  the  cascade 
multiplication,  where  rj(E)  is  the  probability  per  unit  time 
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for  an  electron  to  undergo  an  ionizing  collision.  It  is  an 
average  over  the  electron  energy  distribution.  This  dis¬ 
tribution  is,  in  turn,  a  function  of  the  applied  field  E(t). 
This  is  nearly  equivalent  to  the  probability  for  an  electron 
to  reach  the  ionization  energy  in  the  applied  field.  The  se¬ 
cond  term  represents  the  rate  of  electron  production  per 
unit  volume  due  to  frequency-dependent  tunneling,  which 
becomes  synonymous  with  multiphoton  ionization  in  the 
high-frequency  limit.  If  no  electrons  are  initially  present, 
A r(t  =  0)  =  0,  the  first  electrons  must  be  created  by  this 
mechanism.  Under  the  conditions  of  most  breakdown  ex¬ 
periments  in  solids  carried  out  to  this  date,  the  second 
term  is  usually  small  compared  to  the  first  term. 

The  last  term  on  the  right-hand  side  represents  a 
decrease  in  the  number  of  carriers  due  to  diffusion  out  of 
the  discharge  region,  due  to  recombination,  due  to  trap¬ 
ping  with  exciton  formation,  or  due  to  electron  capture  at 
crystalline  imperfections.  It  is  an  advantage  of  breakdown 
experiments  with  short  laser  pulses  ( tp  <  10-8  s)  that  the 
losses  are  often  negligible  during  the  formation  of  the 
breakdown  plasma.  Under  these  conditions  the  plasma 
density  builds  up  exponentially,  and  the  solution  of  (3) 
becomes  simply 


N  =  N0  exp 


(4) 


Breakdown  may  be  defined,  somewhat  arbitrarily,  to  oc¬ 
cur  when  N  exceeds  1018  electron/cm3.  At  this  density  the 
energy  deposition  rate  by  absorption  of  laser  light 
becomes  so  high  that  the  temperature  rise  of  the  lattice  is 
significant  even  during  a  picosecond  pulse.  With  an 
assumed  initial  electron  density  N0  ~  108  electron/cm3, 
caused,  for  example,  by  thermal  ionization  of  shallow 
traps,  this  corresponds  to  a  multiplication  factor  of  1010. 
This  estimate  corresponds  well  with  the  estimate  of  Seitz 
[4]  of  30-40  generations  in  the  avalanche  buildup,  cor¬ 
responding  to  a  multiplication  of  230  or  240.  It  should  be 
emphasized  that  any  uncertainty  in  this  factor  leads  to  a 
logarithmically  smaller  uncertainty  in  the  breakdown 
threshold, 


y{E)tp  **  In  N/N0  *  18.  (5) 

In  dc  breakdown  experiments,  especially  those  in  gases,  it 
is  customary  to  describe  the  growth  of  the  avalanche  in 
space  as  the  electrons  drift  from  the  cathode  to  anode.  In 
the  absence  of  losses  the  gain  is  then  described  by  the 
Townsend  coefficient  a, 

dN 

—  =  a(E)N. 
dz 

In  the  absence  of  losses  the  breakdown  field  strength 
becomes  a  function  of  the  cathode-anode  distance  d  ac¬ 
cording  to 


a(E)d  =  In  (N/N0). 


(6) 


This  dependence  has  been  verified  not  only  in  gases,  but 
also  for  dc  breakdown  in  alkali-halide  crystals.  The 
thickness  of  the  crystals  must  be  chosen  small  enough  for 
losses  during  the  buildup  to  be  negligible.  In  this  manner 
an  empirical  relation  between  dc  breakdown  threshold 
and  electrode  spacing  was  established  [22],  given  by  the 
lower  solid  curve  in  Fig.  5.  The  equivalence  between  (5) 
and  (6)  is  established  by  the  relationship  tp  =  d/vdrin, 
which  leads  to  rj(E)  =  a(E)  vdrin(E).  If  the  drift  velocity  for 
the  hot  electrons  is  assumed  to  be  independent  of  E,  the 
same  curve  except  for  a  change  of  units  would  determine 
the  threshold  dependence  on  laser  pulse  duration.  The 
data  in  Fig.  5  appear  to  be  in  closer  agreement  with  the 
assumption  of  a  constant  mobility.  When  ndrirt  is  propor¬ 
tional  to  E ,  the  upper  drawn  curve  in  Fig.  5  may  be 
derived  from  the  dc  data.  It  is  possible,  however,  that 
tunneling  starts  to  play  a  role  at  the  shortest  pulse  dura¬ 
tion. 

An  intriguing  question  is  whether  the  initial  number  of 
conduction  electrons  N0  could  not  vanish,  and  how  the 
first  electrons  would  be  formed  in  that  case.  This  question 
is  of  paramount  importance  for  the  breakdown  in  gases  at 
relatively  low  pressures.  The  breakdown  of  air  by  C02 
laser  pulses  appears  to  be  initiated  by  submicroscopic  ab¬ 
sorbing  particles  in  the  aerosol  [23],  Sometimes  the  first 
electrons  may  be  provided  by  photoelectric  effects  from 
the  wall  or  by  multiphoton-ionization  processes.  In  solids 
at  room  temperature  it  appears  safe  to  assume  that  the  in¬ 
itial  carrier  density  is  at  least  108  electron/cm3,  due  to 
photoionization  or  thermal  ionization  of  shallow  donor 
levels.  For  ultrapure  crystals  at  low  temperature,  well 
shielded  from  radiation  and  light,  the  creation  of  the  in¬ 
itial  carriers  could  be  a  separate  problem. 

Even  for  an  initial  density  of  1 08,  the  actual  number  of 
carriers  in  the  focal  volume  is  quite  small.  In  the  ex¬ 
periments  at  \  =  1.06  Mm  and  0.69  Mm,  the  focal  region 
had  a  cross  section  of  about  10~8  cm2  and  a  length  of  0.1 
cm.  In  the  focal  volume  of  10~7  cm3  there  would  initially 
be  only  a  small  number  of  carriers.  This  is  entirely  in  ac¬ 
cord  with  the  observed  statistical  fluctuations  [18]  in  the 
buildup  of  the  breakdown.  One  must  wait  for  the  chance 
that  one  of  the  available  electrons  reaches  the  energy  re¬ 
quired  for  further  ionization,  and  so  on.  It  is  estimated 
from  the  collision  time  and  mean  free  path  that  an  electron 
in  the  solid  would  diffuse  over  a  distance  considerably  less 
than  1  Mm  in  10~8  s.  Loss  of  carriers  by  diffusion  may 
therefore  be  ignored  for  laser  pulses  of  10“8-s  duration  or 
shorter.  Recombination  is  also  negligible  before  the 
plasma  reaches  a  high  density,  and  trapping  may  also  be 
ignored  for  pure  crystals  on  this  time  scale.  The  spatial 
and  temporal  scale  of  the  laser  breakdown  experiments  is 
such  that  many  of  the  difficulties  that  have  plagued  dc 
breakdown  experiments  are  avoided.  There  is  no  joule 
heating  by  prebreakdown  currents,  no  space-charge 
buildup,  no  electron  loss  rates  which  are  difficult  to  deter¬ 
mine  quantitatively,  no  electrode  effects  at  the  surface  of 
the  specimen.  The  small  bulk  volume  involved  in  the  laser 
experiments  is,  of  course,  also  essential  in  eliminating  the 
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influence  of  inclusions.  The  chance  for  an  inclusion  to  oc¬ 
cur  in  the  focal  volume  is  small. 

It  remains  to  examine  in  more  detail  the  frequency 
dependence  of  the  threshold  and  to  compare  the  avalanche 
mechanism  more  quantitatively  with  the  other  intrinsic 
mechanism,  the  frequency-dependent  tunneling,  or  mul¬ 
tiphoton  ionization. 

In  gaseous  breakdown  widespread  use  has  been  made  of 
a  similarity  principle  (see  [24]  and  the  references  therein) 
that  describes  the  dependence  of  ionization  rate  77  on  elec¬ 
tric  field  strength,  pressure  p,  and  frequency  o>, 

v/p=J\EmMl  +«V)1/2}  (7) 

where  /  is  a  characteristic  function  for  each  molecular 
species  and  r  is  the  momentum  transfer  collision  time. 
This  similarity  relation  may  be  derived  from  the  Boltz¬ 
mann  transport  equation,  on  the  assumption  that  the  colli¬ 
sion  time  r  is  independent  of  electron  energy,  and  the  inci¬ 
dent  frequency  does  not  produce  significant  ionization 
from  excited  bound  states.  Yablonovitch  [24]  has  shown 
that  the  observed  breakdown  threshold  of  10.6  in  the 
gas  at  atmospheric  pressure,  for  which  wr  =  103,  still 
agrees  remarkably  well  with  this  scaling  principle. 

In  solids  the  energy  dependence  of  r  is  quite  marked,  as 
shown  by  the  curves  in  Fig.  7.  Nevertheless,  one  may 
postulate  a  kind  of  average  collision  time  ref f  for  the  elec¬ 
trons  in  ionic  crystals.  This  collision  time  is  quite  short 
( ~  1 0~ 15  s)  for  both  thermal  electrons  (~0. 1  eV)  and  for 
electrons  approaching  the  ionization  energy.  It  is 
somewhat  longer  at  intermediate  energies.  We  may 
therefore  postulate  that  the  ionization  rate,  at  least  in  ionic 
solids,  obeys  a  scaling  law  similar  to  those  for  gases  at  con¬ 
stant  pressure.  This  leads  to  a  relationship  [19]  between 
the  breakdown  threshold  at  frequency  oj  and  the  cor¬ 
responding  dc  breakdown  threshold 

£thrrm,(u>)  =  £thrdc(l  +  w8retfS)I/a.  (8) 

It  is  assumed  that  both  dc  and  laser  experiments  are 
conducted  in  such  a  manner  that  loss  mechanisms  can  be 
ignored  during  the  pulse  duration  or  during  the  transit 
time  of  the  electron  between  the  dc  electrodes. 

Experimentally,  the  threshold  appears  to  remain  about 
the  same  from  dc  to  A  =  1  /urn,  and  there  is  some  indica¬ 
tion  of  a  small  increase  in  threshold  at  the  ruby  wavelength 
A  =  0.69  /urn.  This  would  imply  that  uTeft  ~  1  for  ruby 
light,  or  that  reff  =  0.3  X  10-16  s  in  ionic  crystals.  This 
should  be  compared  with  the  crude  theoretical  estimates 
of  r  ~  10_1S  s.  Clearly,  more  precise  theoretical  estimates, 
based  on  complex  solutions  of  the  Boltzmann  transport 
equation  over  the  entire  range  of  electron  energies,  are 
required,  as  well  as  accurate  experimental  data  on  many 
other  materials,  before  a  quantitative  agreement  between 
theory  and  experiment  can  be  obtained. 

The  qualitative  trend  of  the  breakdown  threshold  versus 
frequency  is  shown  in  Fig.  8  for  the  two  generally 
recognized  intrinsic  processes,  avalanche  ionization  and 
frequency-dependent  tunneling.  The  latter  process  has  a 
theoretical  threshold  of  about  3  X  I07  V/cm  in  alkali- 


Fig.  8.  Schematic  frequency  dependence  of  the  breakdown  threshold 
field.  The  avalanche  ionization  curve  will  move  upward  with  decreasing 
pulse  duration.  The  points  rerf_1  and  egap  are  indicative  for  alkali 
halides.  The  crossover  is  likely  to  occur  somewhere  in  the  visible  region 
of  the  spectrum. 

halide  crystals  in  the  low-frequency  limit.  The  threshold 
for  this  process  would  also  depend  only  logarithmetically 
on  the  pulse  duration.  Furthermore,  no  observable 
statistical  fluctuations  would  be  expected  for  breakdown 
by  tunneling.  The  magnitude  of  the  observed  threshold 
and  the  observed  dependence  on  frequency  and  pulse 
duration,  as  well  as  the  statistical  fluctuations,  are  all  con¬ 
sistent  with  the  avalanche  ionization  mechanism  under  the 
experimental  conditions  used.  One  may,  however,  expect 
that  frequency-dependent  tunneling  or  multiphoton 
ionization  would  become  dominant  at  high  frequencies; 
for  example,  those  exceeding  half  the  band  gap.  The 
crossover  in  Fig.  8  is,  of  course,  schematic.  It  would  be  of 
great  interest  to  extend  the  breakdown  measurements  in 
the  alkali  halides  to  higher  frequencies. 

It  is  also  to  be  expected  that  the  breakdown  level  for 
subpicosecond  pulses  will  be  set  by  tunneling.  The  curves 
of  Fig.  5,  if  extrapolated  to  pulse  duration  of  less  than 
10“ 12  s,  would  predict  avalanche  threshold  levels  exceeding 
2  X  107  V/cm,  corresponding  to  power  flux  densities  of 
over  1012  W/cm2.  This  is  the  regime  in  which  tunneling 
becomes  important.  Even  though  initially  the  electron 
density  would  increase  predominantly  by  this  mechanism, 
which  therefore  would  determine  the  threshold,  it  remains 
possible  for  avalanche  multiplication  to  become  dominant 
in  the  final  stages  of  the  plasma  density  buildup.  This  is 
evident  from  (3),  but  no  detailed  calculations  for  this 
regime  of  field  strengths  appear  to  be  available. 

The  transition  from  avalanche  ionization  to  the  tunnel¬ 
ing  mechanism  is  well  established  in  semiconductor  diode 
physics  [25].  As  the  dimension  of  the  barrier  depletion 
layer  becomes  very  small,  the  diode  characteristics  are 
determined  by  the  Zener-Keldysh  tunneling  mechanism. 
For  larger  thicknesses,  impact  ionization  occurs  within  the 
depletion  layer,  and  one  has  avalanche  diodes. 

IV.  Laser-Induced  Breakdown  at  Surfaces 

It  is  a  generally  observed  phenomenon  that  surfaces 
tend  to  have  a  lower  threshold  for  damage  than  the  bulk 
material.  It  is  especially  difficult  to  make  coated  surfaces 
damage  resistant.  For  these  reasons  it  was  a  widely  held 
belief  that  the  mechanism  for  electric  breakdown  at  sur- 
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faces  would  be  a  distinctly  different  process  from  that  in 
the  bulk.  The  recent  evidence  presented  in  this  section 
suggests,  however,  that  the  material  at  the  surface  breaks 
down  by  avalanche  ionization  and  a  dense  plasma  is 
formed  by  the  same  mechanism  as  in  the  bulk. 

In  a  majority  of  cases  the  apparently  lower  surface 
damage  thresholds  were  due  to  chemical  contamination  of 
the  surface  (dust  particles,  grease  spots).  Chemically 
cleaned  surfaces  can  be  obtained  for  most  materials,  if 
necessary  by  argon  ion  beam  bombardment  and  evapora¬ 
tion  in  vacuum  of  surface  layers.  The  threshold  for 
breakdown  can  thus  be  raised  significantly  [26],  Even  the 
chemically  clean  surfaces  tend,  however,  to  exhibit 
breakdown  thresholds  that  are  lower  than  the  correspond¬ 
ing  bulk  values,  typically  by  a  factor  of  2  to  5  in  power. 

This  can  be  explained  by  the  presence  of  physical  im¬ 
perfections  at  the  surface  in  the  form  of  grooves, 
scratches,  cracks,  or  pores  [27].  Typical  dimensions  of 
these  are  smaller  than  a  wavelength,  since  the  surfaces  of 
the  components  have  been  prepared  and  selected  for  op¬ 
tical  quality.  For  such  small  dimensions  the  electric  field 
configuration  in  the  neighborhood  of  these  physical  im¬ 
perfections,  illustrated  in  Fig.  9,  may  be  calculated  by 
means  of  electrostatics.  There  will  be  a  concentration  of 
the  lines  of  force  near  the  edges.  Electric  breakdown  will 
be  initiated  at  these  locations.  If  a  crack  is  mathematically 
represented  by  a  disk-shaped  ellipsoidal  void,  with  the 
lines  of  forces  in  the  bulk  normal  to  the  disk,  the  electric 
field  will  be  concentrated  near  the  edge  by  a  factor  €  =  n2. 
Consequently,  the  breakdown  threshold  will  be  reached  at 
that  location  for  nominal  bulk  power  flux  densities  which 
are  iower  by  a  factor  e2  =  n \  In  this  manner  a  surface 
threshold  that  is  lower  by  a  factor  of  4  than  the  bulk  can 
be  explained  in  materials  such  as  glass,  quartz,  etc.  The 
correctness  of  this  explanation  w'as  proven  in  a  series  of 
experiments  on  superpolished  samples  of  quartz  and  glass 
[28].  The  nominal  damage  threshold  at  the  surface  was  in¬ 
creased  and  could  be  made  equal  to  the  bulk  damage 
threshold  by  extremely  fine  polishing.  One  need  not 
eliminate  cracks  and  scratches  with  critical  dimensions 
smallei  than  about  10-8  cm.  Since  electrostatic  continuum 
theory  is  still  applicable  in  solids  for  dimensions  down  to 
about  30  nm,  there  would  still  be  a  concentration  of  the 
lines  of  force.  The  region  of  increased  field  strength  is, 
however,  so  limited  that  the  avalanche  cannot  fully 
develop.  Because  the  diffusion  time  of  the  carriers  out  of 
the  edge  region  is  shorter  than  the  duration  of  the  laser 
pulse,  the  breakdown  threshold  is  increased,  compen¬ 
sating  The  decrease  of  a  factor  of  «4  due  to  field  concen¬ 
tration.  The  arguments  of  the  preceding  section  regarding 
the  threshold  dependence  on  electrode  spacing  thus  yield  a 
criterion  as  to  how  well  the  surface  polishing  must  be 
carried  out. 

In  optical  coatings  there  is  a  larger  probability  for  the 
simultaneous  presence  of  the  chemical  inclusions  and 
physical  voids.  It  should  be  emphasized  that  the  various 
factors  to  lower  the  damage  threshold  are  cumulative.  If 
the  damage  is  initiated  by  absorbing  inclusions,  rather 
than  avalanche  ionization,  the  presence  of  cracks  will 
again  lower  the  damage  threshold  because  the  concentra- 


Fig.  9.  Representative  geometries  for  electric  field  enhancement  by 
physical  imperfections.  Typical  dimensions  could  be  r  =  0.1  /uni,  c  = 
0.02  /im,  and  a  =  0.5  jun  (from  [26]). 

tion  of  field  lines  and  absorbing  inclusions  are  likely  to  oc¬ 
cur  in  the  same  spot. 

Consider  the  case  of  a  reflective  coating  in  front  of  a 
metallic  mirror  to  improve  the  reflectivity.  There  will  be  a 
standing  wave  pattern  in  the  coating.  At  |  X  in  front  of  the 
metal  surface  there  will  be  an  electric  field  amplitude 
which  is  twice  the  nominal  value  of  the  incident  traveling 
wave.  If  there  are  voids  in  the  coating  at  this  distance,  the 
power  breakdown  threshold  will  be  lowered  by  a  total  fac¬ 
tor  of  4  n*.  The  damage  threshold  may  be  lowered  by  an 
additional  factor,  if  absorbing  inclusions  are  also  present. 
The  simultaneous  presence  of  concentrations  of  electric 
field  lines,  inclusions,  and  stress  fields  all  tend  to  lower  the 
damage  threshold  of  surfaces  and  coatings.  Chemically 
and  physically  clean  surfaces  and  coatings  should  have  the 
same  threshold  as  the  bulk  materials,  except  for  standing 
wave  patterns  set  up  by  Fresnel  reflections  [29].  Chemical 
or  physical  imperfections  with  at  least  one  linear  dimen¬ 
sion  smaller  than  10-7  cm  are  probably  not  harmful. 
Neither  absorption  by  specific  surface  states  nor  absorp¬ 
tion  by  atomic  impurities  lowers  the  damage  threshold 
significantly.  The  power  absorbed  in  centers  of  atomic  or 
molecular  size  is  quickly  dissipated.  Physical  imperfec¬ 
tions  such  as  dislocations  do  not  appear  to  lower  the 
threshold  appreciably.  The  role  of  absorbing  inclusions  in 
coatings  and  the  relationship  between  their  size  and  dis¬ 
tribution  with  the  laser  pulse  duration  and  focal  spot  area 
has  been  experimentally  demonstrated  in  some  recent 
papers  [30]. 

V.  Avalanche  Ionization  in 
Self-Focused  Filaments 

The  onset  of  avalanche  ionization  at  field  strengths  of 
about  107  V/cm  for  picosecond  light  pulses  has  been  ex¬ 
perimentally  established  in  the  absence  of  self-focusing  [17]. 
With  this  understanding  we  may  turn  back  to  the  self- 
focusing  problem  and  observe  that  the  maximum  field 
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strength,  or  power  flux  density,  in  the  filament  cannot  exceed 
this  breakdown  threshold  [  19].  Occasionally  power  flux  den¬ 
sities  for  filaments  in  condensed  matter  of  1018  or  even  10u 
W/cm2  have  been  mentioned  in  the  literature.  Such  flux  den¬ 
sities  are  unphysical,  except  in  a  plasma  where  all  the  valence 
electrons  have  been  stripped  off  the  ions,  or  in  low-density 
gases  during  pulse  durations  shorter  than  thetimeofflight  of 
electrons  between  molecules.  As  a  rule  of  thumb,  avalanche 
ionization  limits  the  power  density  to  5  X  10n  W/cm2  for  a 
10-ps  pulse,  and  tunneling  would  limit  it  to  about  2  X  1012 
W/cm2.  It  is  conceivable  that  in  certain  materials  and  under 
some  experimental  conditions  other  physical  mechanisms, 
such  as  stimulated  Raman  scattering  [3 1  ]  or  hindered  orien¬ 
tational  ordering  of  molecules  [32],  may  limit  the  degree  of 
self-focusing  at  a  lower  flux  density  in  the  filament.  It  should 
be  stressed,  however,  that  the  filaments  occur  in  all  kinds  of 
materials.  They  have  been  observed  in  the  absence  of 
stimulated  Raman  scattering  and  in  crystals,  glasses,  and  li¬ 
quefied  monatomic  gases  where  molecular  reorientation 
effects  should  be  minimal  [33].  In  most  substances  the  size  of 
the  filaments  appears  to  lie  between  3  and  20  ^m.  Further¬ 
more,  estimates  of  the  maximum  field  strength  always  lie  in 
the  neighborhood  of  107  V/cm.  In  Table  III  some  early  data 
of  Brewer  and  Lee  [34]  are  reproduced.  In  particular,  it 
should  be  noted  that  the  mixture  of  ether,  ethanol,  and 
toluene  is  extremely  viscous,  nearly  glass  like  at  the  lowest 
temperature  of  -  165°C.  Although  molecular  reorientation 
is  suppressed  and  the  filamentary  size  changes,  the  peak  elec¬ 
tric  field  remains  at  a  constant  value  near  the  threshold  for 
electric  breakdown.  The  duration  of  this  high  intensity  in  a 
fixed  volume  element  of  matter  in  the  filament  always  lies  in 
the  picosecond  domain,  typically  between  10“ 18  and  3  X 
10" 12  s.  If  the  initial  pulse  is  long,  the  filament  is  really  the 
track  of  two  moving  focal  spots.8  From  the  spot  size  and  the 
velocity  of  these  spots  the  duration  of  the  high-intensity  field 
may  be  estimated.  If  theinitialpulseis  shorter  than  the  domi¬ 
nant  mechanism  for  the  intensity-dependent  index  of  refrac¬ 
tion,  the  self-focusing  may  proceed  by  transient  molecular 
reorientation.  In  that  case  a  quasi-stationary  funnel-shaped 
radial  profile  is  developed.  The  high-intensity  region  at  the 
trailing  edge  again  lasts  about  1  ps  [35]. 8 

It  is  thus  possible  to  establish  a  lower  limit  for  the  fila¬ 
ment  radius  am m-  The  minimum  power  contained  in  the 
filament  is  equal  to  the  critical  power  necessary  for  self- 
focusing  Pc.  The  maximum  supportable  field  strength  is 
the  breakdown  threshold  for  a  picosecond  pulse  [19].  One 
thus  finds 

am.„>[8/>c/|£thrrm8|2«c]l/2  (9) 

where  Pc  is  given  by  (la)  and  (lb),  and  where  a  is  the 
radius  at  which  the  intensity  has  dropped  to  1/e  of  its  on- 
axis  value  for  an  assumed  radial  Gaussian  intensity 
profile. 

In  many  instances  the  observed  filament  size  is  close  to 
this  lower  limit,  suggesting  that  avalanche  ionization  is  in¬ 
deed  the  limiting  physical  mechanism.  One  may  dis- 

•  See  the  extensive  literature  quoted  in  [7). 


TABLE  III 

Characteristics  of  Self-Trapped  Filaments* 


Filament 

Diameter 

00 

Energy 

(erg) 

Power” 

(kW) 

Peak  Electric 

Field' 

(107  V/cm) 

CS2 

3.9  ±  1.3 

1.3  ±0.6 

130 

2.0  ±  0.6 

Nitrobenzene 

5.8  ±  0.8 

0.9  ±  0.4 

90 

1.6  ±0.4 

CC14 

Toluene 

Ether,  ethanol, 

7.9  ±0.2 

1.2  ±  0.8 

120 

1.3  ±0.4 

10.1  ±  1.0 

0.6  ±0.2 

60 

0.7  ±0.1 

toluene  (23°C) 
Ether,  ethanol. 

7.6  ±  1.4 

1.2  ±0.6 

120 

1.5  ±0.4 

toluene  (— 140°C) 
Ether,  ethanol. 

8.9  ±  1.3 

3.8  ±  1.9 

380 

2.0  ±0.5 

toluene(-  165°C) 

17.7  ±  1.7 

13.1  ±  10.2 

1310 

2.0  ±  1.0 

a  Liquid  temperature  is  23°C  unless  otherwise  noted  (from  [32]). 

b  Obtained  from  the  preceding  column  assuming  a  pulse  duration 
A  t  =  1  ps. 

c  Obtained  from  the  peak  intensity  of  the  microdensitometer  trace, 
cnEp1Al/\6ir  erg/cma,  assuming  Af  =  1  ps.  This,  therefore,  is  not  the 
local  field  but  the  field  of  the  transmitted  beam. 

tinguish  between  a  dissipative  and  a  nondissipative  way  in 
which  the  plasma  can  limit  the  filament  diameter.  The 
former  is  associated  with  the  imaginary  part  of  the  plasma 
dielectric  constant.  The  absorption  in  the  plasma  limits  the 
laser  power  in  the  self-focused  region.  These  points  were 
also  emphasized  by  Hellwarth  [21],  The  plasma  formation 
also  causes  a  decrease  in  the  real  part  of  the  index  of 
refraction.  The  small  positive  contribution  of  a  bound 
valence  electron  to  the  index  is  replaced  by  the  larger 
negative  contribution  of  a  quasi-free  electron.  Both  effects 
may  be  expressed  in  terms  of  a  strongly  nonlinear  (ex¬ 
ponential)  contribution  to  the  complex  index  of  refraction, 

(A«pl)„p  =  N0  exp  [  f  V(E)  dA  ■  (10) 

n0  mu  1  +  u  ref f  L-'o  J 

The  exponential  field  dependence  is  contained  in  the 
cascade  buildup  of  the  avalanche.  In  the  preceding  sec¬ 
tions  we  have  demonstrated  that  the  avalanche  process  is 
sufficiently  fast,  i.e.,  rerf,  sufficiently  short,  and  the  plasma 
density  may  build  up  to  electron  densities  exceeding 
1018/cm3  in  a  fraction  of  a  picosecond. 

The  radial  variation  of  the  plasma  density  is  also  ex¬ 
tremely  rapid  through  the  radial  variation  of  |£(r)| .  It  may 
be  estimated  from  (10)  that  the  real  part  of  the  index  is 
about  -10~4  for  a  plasma  density  of  1018/cm8;  the  absorp¬ 
tion  depth  in  the  plasma  is  about  1  cm  for  a  wavelength  of 
1  gm  and  refr  ~  10~16.  It  is  estimated  that  the  filamentary 
radius  may  be  stabilized  under  these  conditions  [19], 
because  the  effect  of  an  infinitesimal  decrease  in  radius 
produces  comparable  changes,  but  with  opposite  sign,  in 
rt2|£|2  and  (A n)pl.  The  situation  is  schematically  displayed 
in  Fig.  10. 

The  observation  that  the  filamentary  fossile  damage 
tracks  in  glass  have  a  typical  diameter  of  1  gm,  whereas 
the  light  is  trapped  in  a  cylinder  with  a  diameter  five  times 
larger,  can  also  be  explained.  The  electron  density  is  only 
high  in  the  immediate  vicinity  of  the  axis  of  the  filament. 
Only  here  the  rate  of  absorption  is  high  enough  to  cause 
local  melting  of  the  glass.  It  is  estimated  that  an  electron 
density  exceeding  1019  cm-3  is  necessary  to  cause  melting 
during  a  picosecond  interval. 
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Fig.  10.  Profile  of  light  intensity  and  plasma  density  in  a  light  filament. 

The  electron  density  changes  very  rapidly  with  small  radial  pertur¬ 
bations. 

The  plasma  absorption  also  provides  a  convenient 
mechanism  for  a  cutoff  in  computer  calculations  of  the 
transient  self-focusing  by  reorientation  in  molecular  fluids. 
Shimizu  [35]  introduced,  without  physical  justification,  a 
mathematical  absorption  term  proportional  to  |£|18  in 
his  calculations  of  filament  formation.  It  is  again  the  ex¬ 
ponential  absorption  dependence  inherent  in  avalanche 
ionization,  rather  than  a  high-order  multiphoton  process, 
that  provides  a  physical  mechanism  for  such  a  cutoff.  The 
computed  solutions  of  the  self-focusing  equations  by 
Shimizu  show  that  such  a  mechanism  indeed  has  the 
desired  limiting  effect  on  the  filament  diameter.  It  is  clearly 
of  interest  to  extend  such  numerical  calculations  to  the 
case  where  a  partial  differential  equation  to  describe  the 
spatial  and  temporal  variations  of  the  plasma  density,  and 
its  contribution  to  the  index  of  refraction,  is  added  to  the 
system  of  equations  governing  the  temporal  and  spatial 
variations  of  the  laser  field  and  the  intensity-dependent  in¬ 
dex  of  refraction. 

The  rapid  temporal  variation  of  the  plasma  density 
gives  rise  to  an  enormous  negative  rate  of  change  of  the 
refractive  index.  When  an  intense  incident  picosecond 
pulse  is  self-focused  by  the  fast  electronic  Kerr  effect,  two 
moving  focal  spots  arise  each  with  an  estimated  duration 
of  about  10-13  s,  as  shown  in  Fig.  11.  The  present  author 
suggested  [36]  that  the  phenomenon  of  superbroadening 
[7],  [31]  is  caused  by  the  self-phase  modulation  of  the  light 
traveling  along  the  axis  in  near  synchronism  with  the  mov¬ 
ing  focal  spots.  A  large  anti-Stokes  shift  results  from  the 
rapidly  increasing  plasma  density.  Although  for  the  very 
short  periods  of  peak  intensity  encountered  in  these  focal 
spots  the  electron  density  is  likely  to  grow  at  first  by  the 
tunneling  mechanism,  the  avalanche  term  will  eventually 
prevail  on  the  right-hand  side  of  (3),  as  the  plasma  density 
has  increased  sufficiently.  Most  of  the  anti-Stokes  broaden¬ 
ing  takes  place  in  a  trailing  fraction  of  the  subpicosecond 
pulse  [36],  The  creation  of  extremely  short  light  pulses  by 
this  mechanism  is  a  distinct  possibility. 

The  observed  anti-Stokes  continuum  has  been  observed 
to  stretch  into  the  ultraviolet  beyond  0.3  nm,  when  power¬ 


Fig.  11.  Picosecond  self-focusing  in  a  medium  with  a  fast  electronic 
Kerr  effect.  Two  short  moving  focal  spots  are  created.  The  schematic 
temporal  behavior  at  a  fixed  volume  element  is  shown  for  three 
physical  quantities  (from  [35]).  Intensity:  dashed  line.  Plasma  density: 
dotted  line.  Change  in  index  of  refraction:  solid  line. 

ful  picosecond  pulses  at  1.06-jim  or  0.53-Mm  wavelength 
pass  through  such  diverse  materials  as  water,  liquid  argon, 
glass,  or  transparent  ionic  crystals.  These  short  ultraviolet 
pulses  are  already  being  used  to  investigate  fast 
photochemical  reactions.  The  frequency  shifts  are  so  large 
and  the  pertinent  time  durations  so  short  that  linear  dis¬ 
persion  will  have  a  profound  effect  on  the  observed 
phenomenon. 

The  plasma  density  decays  relatively  slowly  due  to 
recombination  and  electron  trapping  after  the  self-focused 
spot  has  passed.  This  implies  that  unfocused  or  in¬ 
completely  focused  light,  arriving  after  a  self-focused  spot 
may  undergo  defocusing.  The  plasma  will  cause  light  to 
leak  away  from  filamentary  regions.  Such  effects  have  also 
been  widely  observed,  as  the  term  “leaky  light  waveguide” 
indicates.  It  is  even  possible  that  avalanche  ionization  is 
responsible  for  the  onset  of  four-wave  parametric  down 
conversion.  The  plasma  would  generate  the  light  at  the 
new  frequencies  and  in  new  directions  [36].  Due  to  linear 
dispersion  the  newly  formed  light  waves  could  mix  with 
other  laser  light.  The  parametric  mixing  process,  with 
preference  for  characteristic  phase  matching  conditions, 
would  be  primed  by  the  plasma,  and  it  would  not  be 
necessary  to  build  it  up  by  a  stimulated  gain  process  from 
the  very  weak  spontaneous  emission  noise. 

VI.  Conclusion 

In  transparent  dielectrics,  free  from  absorbing  in¬ 
clusions,  avalanche  ionization  has  been  identified  as  a 
crucial  mechanism  for  electric  breakdown.  This 
mechanism  is  consistent  with  the  observed  dependence  of 
breakdown  threshold  on  pulse  duration  and  frequency, 
and  with  its  statistical  character.  The  threshold  field  for 
breakdown  for  wide-gap  insulators  is  about  the  same  as 
the  dc  threshold  for  frequencies  as  high  as  the  ruby  laser 
frequency  and  is  a  characteristic  property  of  the  pure 
material.  There  is  a  (small)  systematic  tendency  for  the 
breakdown  threshold  to  increase  as  the  frequency  is  raised 
into  the  visible.  Typical  values  for  the  threshold  in  the 
alkali  halides  are  about  106  V/cm  for  pulses  of  10~8-s 
duration  and  107  V/cm  for  pulse  durations  of  10-u  s. 
For  shorter  pulses,  or  for  high  light  frequencies  which 
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are  a  significant  fraction  of  the  band  gap,  the  frequency- 
dependent  tunneling  mechanism  should  become  the  in¬ 
itiating  mechanism  for  breakdown.  It  is  of  interest  to  ex¬ 
tend  the  breakdown  measurements  to  shorter  pulses  and 
higher  frequencies. 

It  is  important  to  realize  that  practical  damage 
thresholds  in  large  sample  volumes  will  usually  be  deter¬ 
mined  by  the  presence  of  absorbing  inclusions  or  by  the 
formation  of  self-focused  filaments.  The  fundamental 
breakdown  mechanisms  of  avalanche  ionization,  or 
frequency-dependent  tunneling,  set,  however,  a  fun¬ 
damental  limit  to  the  maximum  power  flux  density  that  a 
dense  medium  can  sustain  without  being  converted  to  a 
dense  hot  plasma.  These  mechanisms,  therefore,  also  put  a 
limiting  minimum  diameter  on  self-focused  filaments. 
Avalanche  ionization  produces  a  complex  index  non¬ 
linearity  which  depends  exponentially  on  the  field 
strength.  It  is  important  to  incorporate  the  temporal  and 
spatial  variations  of  this  nonlinearity  fully  in  calculations 
on  self-focusing,  self-frequency  broadening,  and  other 
physical  properties  of  light  filaments. 

Surfaces  and  thin-film  coatings  should  have  fundamen¬ 
tal  damage  thresholds  comparable  to  the  bulk  thresholds 
of  the  same  materials.  In  practice,  the  damage  threshold 
will  often  be  significantly  lower,  even  if  chemical  in¬ 
clusions  are  eliminated.  The  concentration  of  electric  field 
lines  near  micropores  and  cracks  is  responsible  for  the 
lowering  of  the  nominal  power  threshold. 
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Single  pulses  from  a  well-calibrated  mode-locked  YAG:Nd  laser  have  been  used  to  study  the  dielectric- 
breakdown  properties  of  14  transparent  solids.  Results  are  presented  for  the  breakdown  threshold  electric 
fields,  accurate  to  an  estimated  15%.  The  experimental  technique  permits  simultaneous  measurement  of  the 
nonlinear  susceptibility  X«xt<3)  (  —  <i>,o>,«,  —  o>),  via  the  nonlinear  refractive  index.  Susceptibility  results  with 
estimated  accuracy  of  50%  are  presented. 


I.  INTRODUCTION 

It  is  well  known  that  damage  to  transparent  opti¬ 
cal  components  in  high-power  laser  systems  con¬ 
stitutes  a  limiting  factor  to  their  performance.  In 
many  practical  cases  the  damage  threshold  is  set 
by  the  presence  of  absorbing  inclusions,  or  by  the 
occurrence  of  self-focusing.  It  has,  however,  been 
established  that  an  intrinsic  damage  threshold, 
characteristic  of  the  bulk  transparent  material,  can 
be  defined.  If  the  effects  of  inclusions  have  been 
eliminated,  and  if  one  has  corrected  for  the  effects 
of  self-focusing,  the  threshold  is  determined  by  the 
onset  of  avalanche  ionization,  in  a  manner  which  is 
very  similar  to  low-frequency  electric  breakdown.1 
Since  the  conduction-electron  density  has  to  build 
up  from  the  initial  density  of  about  108  to  1010  elec¬ 
trons/cm3  to  a  critical  value  of  about  1018  electrons/ 
cm3  during  the  duration  of  the  laser  pulse,  the 
damage  threshold  has  a  characteristic  dependence 
on  pulse  duration.  Most  available  experimental  data 
were  taken  with  pulses  of  nanoseconds  or  longer 
duration.  In  fact,  heretofore,  there  was  only  one 
quantitative  datum  point  taken  with  a  picosecond 
pulse.2  The  reliability  of  that  point  has  been  ques¬ 
tioned  on  the  grounds  that,  for  picosecond  pulses, 
impurities  of  submicroscopic  size  may  play  a  domi¬ 
nant  role  and  that  no  morphological  study  of  the 
damaged  region  had  been  made.  The  purpose  of 
this  paper  is  to  provide  systematic  picosecond  data 
on  the  damage  threshold  in  14  transparent  materi¬ 
als.  The  data  obtained  are  characteristic  of  the 
material  and  are  very  reproducible. 

It  is  necessary  to  take  into  account  the  effects  of 
self-focusing  in  this  experiment,  even  though  the 
maximum  pulse  power  was  always  less  than  the 
critical  power  for  self-focusing. 3,4  This  power 
PCT  is  related  to  the  intensity-dependent  contribu¬ 
tion  to  the  index  of  refraction  n2,  where 

n=n0+n2|£rm8|2  ,  (1) 

by 
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Pcr=cX2/327r2n2  .  (2) 

In  the  above  equations,  n0  is  the  linear  refractive 
index,  c  is  the  speed  of  light,  and  X  is  the  vacuum 
wavelength.  Wagner  et  al.5  discuss  the  deforma¬ 
tion  of  a  Gaussian  light  pulse  by  the  self-interaction 
represented  by  Eq.  (1).  Let  vox  be  the  beam  waist, 
i.  e.,  the  radius  at  which  the  intensity  drops  to  \/e 
of  its  on-axis  value,  at  low  power  levels.  Then  the 
low-power  focal  area  ttw\  is  reduced  by  a  factor 
(1  -P/PCT)  due  to  self-action.  The  maximum  inten¬ 
sity  is  consequently  increased  by  a  factor  (1  -P/ 
Pcr)-1.  Zverev  and  Pashkov6  and  Fradin7  have  sug¬ 
gested  how  this  effect  may  be  used  to  determine  P „., 
and  consequently  n2,  by  measuring  the  damage 
threshold  as  a  function  of  focal  length,  utilizing  dif¬ 
ferent  lenses. 

Consider  a  low-power  diffraction -limited  Gauss¬ 
ian  pulse  with  an  initial  \/e  intensity  radius  p.  A 
lens,  without  spherical  aberration  and  with  focal 
length  /,  will  produce  a  focal  spot  with  a  radius  (to 
the  l/e  intensity  point)  of 

w1=\f/2irp  .  (3) 

If  the  pulse  total  power  is  P  and  we  define  an  area 
A  -  7Tm>2,  the  focal  plane  intensity  distribution  is 
given  by 

I(r)  =  (P/A)  e'<T/wi)Z  .  (4) 

For  high-power  pulses  where  self-focusing  tenden¬ 
cies  cannot  be  ignored,  the  relationship  between  the 
maximum  intensity  and  the  power  becomes 

/max  =  (P/A)(l-P/Pcr)-1  (5) 

or 

P-1  =rm1axA-1  +p;l .  (6) 

If  one  plots,  therefore,  the  reciprocal  measured 
power,  necessary  to  produce  the  value  of  ImajL  re¬ 
quired  for  breakdown,  as  a  function  of  the  recipro¬ 
cal  focal  area  A"1,  one  should  obtain  a  straight  line. 
The  slope  of  this  straight  line  gives  the  breakdown 
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rms  electric  field  strength 

Eb  =  am4*/cn0c0)1/2  ,  (7) 

where  €0  is  the  free-space  permittivity.  The  in¬ 
tercept  with  the  vertical  axis  determines  Pcr  and  Wj. 

One  restriction  implicit  in  the  preceding  discus¬ 
sion  concerns  the  response  time  of  the  self-focus¬ 
ing  mechanism.  Various  mechanisms  for  self- 
focusing  exist, 3' 8  with  response  times  from  the  or¬ 
der  of  10‘8  sec  for  electrostrictive  and  thermal 
self-focusing,  to  the  order  of  10*15  sec  for  self- 
focusing  originating  in  the  electronic  hyperpolar¬ 
izability.  For  picosecond-pulse  experiments  in 
solids,  the  only  mechanism  fast  enough  to  reach  its 
steady-state  value  is  the  electronic  hyperpolariz¬ 
ability.  That  mechanism  follows  our  laser-pulse 
intensity  essentially  instantaneously,  and  so  the 
assumption  of  a  steady-state  nonlinearity  is  a  valid 
one  for  our  experiment.  Indeed,  picosecond  pulses 
provide  results  free  from  ambiguity  introduced  by 
slower  contributions  to  n2,  an  ambiguity  which  may 
hinder  Q-switched  laser-pulse  experiments. 

The  method  described  above  has  been  used  to 
measure  the  rms  breakdown  field  strength  Eb  and 
the  critical  power  for  self -focusing  PCT  in  several 
transparent  solids  of  interest.  Section  II  describes 
the  experimental  apparatus  and  procedure,  includ¬ 
ing  a  technique  for  measuring  the  product  of  the 
laser-pulse  duration  and  pulse  area  on  a  shot-to- 
shot  basis  in  a  simple  manner.  Results  are  pre¬ 
sented  and  discussed  in  Sec.  HI. 

II.  EXPERIMENTAL  METHOD 
A.  Laser  system 

A  mode-locked  YAG :  Nd  laser  system  generated 
the  picosecond  pulses  used  in  these  experiments. 

The  experimental  arrangement  is  illustrated  in  Fig. 
1.  A  6-mm-diam  by  3-in-long  Brewster- ended 
YAG :  Nd  rod  supplies  gain.  Mode  locking  is 
achieved  by  a  contacted  dye  cell  which  confines  a 
0.  5-mm-thick  sheet  of  flowing  Kodak  9860  saturable 
absorber.  TEMq0  transverse  profile  is  established 
with  an  intracavity  aperture.  Single-pulse  switch- 
out  is  effected  by  a  cylindrical-ring  electrode  potas¬ 
sium  dideuterium  phosphate  Pockels  cell,  positioned 
between  crossed  polarizers,  and  pulsed  by  a  nitro¬ 
gen-filled  high  pressure  laser-triggered  spark  gap. 
A  selected  pulse  then  propagates  through  two  single¬ 
pass  YAG:  Nd  amplifiers  for  augmentation  of  ener¬ 
gy.  A  repetition  rate  of  20  pulses/ sec  is  available, 
and  an  amplified  single-pulse  peak  power  exceeding 
300  MW  has  been  measured.  CRO-1  is  a  Tektronix 
519  oscilloscope  used  in  conjunction  with  high-speed 
biplanar  photodiode  PD-1  (ITT  F4000,  S-l  re¬ 
sponse),  for  single -pulse  monitoring.  Two  Gian 
polarizers  form  the  variable  attenuator  A  in  Fig. 

1.  The  calibrated  photodiode  PD-3  (S-l  response) 
measures  the  energy  incident  on  the  lens.  The  sec- 


FIG.  1.  Schematic  diagram  of  the  experimental  ar¬ 
rangement.  MLO,  mode-locked  YAG  : Nd  oscillator;  PC, 
Pockels  cell;  LTSG,  laser-triggered  spark  gap;  AMP, 
YAG:Nd  amplifier;  BS,  beam  splitter;  F,  filter;  PD, 
biplanar  photodiode;  CRO,  oscilloscope;  KDP,  second- 
harmonic  generation  crystal;  A,  Doable  Glan-prism 
variable  attenuator;  L,  focusing  lens;  S,  dielectric  sam¬ 
ple. 


ond-harmonic  generation  channel,  ending  with 
photodiode  PD-2  (S-20  response),  is  used  with  PD-3 
to  obtain  single-pulse  values  of  the  product  of  the 
pulse  duration  and  pulse  area,  as  will  be  described 
later.  CRO-2  is  a  Tektronix  555  dual-beam  oscil¬ 
loscope.  In  Fig.  1,  L  represents  the  focusing  lens 
and  S  the  sample  materials  tested  in  the  experi¬ 
ments. 

B.  Pulse  characteristics 
1.  Spatial  characteristics 

Since  precise  measurement  of  threshold  optical 
electric  fields  requires  an  accurate  knowledge  of 
both  the  spatial  and  temporal  pulse  shape  and  the 
pulse  energy,  great  care  was  taken  toward  those 
measurements. 

At  the  actual  site  on  the  optical  table  where  the 
focusing  lens  was  later  placed  for  the  breakdown 
measurements,  three  scans  across  the  beam  were 
made  with  a  50- pm  pinhole  to  determine  the  trans¬ 
verse  intensity  distribution.  The  results  of  one  of 
the  scans  is  shown  in  Fig.  2.  In  addition,  pictures 
were  taken  of  phase-matched  second-harmonic  light 
with  a  multilens  camera9  (MLC).  The  result  of 
each  of  the  above  tests  was  that  the  intensity  dis¬ 
tribution  is  of  Gaussian  form  to  at  least  the  1/e2 
points,  and  that  the  average  1/e  intensity  radius 
(p)  is  1. 1  ±0. 1  mm. 

2.  Temporal  characteristics 

In  order  to  determine  the  temporal  pulse  profile 
of  the  output,  two  techniques10  were  used:  a  sec¬ 
ond-harmonic -generation  autocorrelation  method 
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FIG.  2.  Intensity  distribution  of  laser  pulse  at  loca¬ 
tion  of  focusing  lens.  The  solid  line  is  a  Gaussian  fit  to 
the  data,  yielding  a  l/e  intensity  radius  1.1  mm. 


(SHAC),  and  two-photon-fluorescence  (TPF)  photog¬ 
raphy.  The  two  methods  are  formally  equivalent, 
both  providing  1  +2G2(t).  In  either  method,  a  single 
pulse  is  split  into  two  pulses  of  equal  amplitude 
(any  disparity  in  the  two  amplitudes  degrades  the 
contrast  ratio).  In  the  TPF  arrangement,  the  two 
pulses  are  then  redirected  by  mirrors  to  overlap 
in  a  precisely  collinear  fashion  within  a  two-quan- 
tum-absorptive  material  such  as  Rhodamine  6G, 
and  the  dye  fluorescence  is  photographed.  In  the 
SHAC  method  the  beam  splitter  is  part  of  a  Michel- 
son  interferometer.  The  pulses  are  recombined- 
collinearly,  after  one  has  been  delayed  by  a  vari¬ 
able  amount,  and  directed  through  a  potassium  di¬ 
hydrogen  phosphate  (KDP)  crystal.  One  plots  sec¬ 
ond-harmonic  output  as  a  function  of  delay.  The 
result  of  one  of  the  SHAC  runs  is  shown  in  Fig.  3. 
The  enhanced  scatter  of  the  points  near  the  center 
of  the  graph  is  due  to  interference  effects  in  the 
interferometer.  The  curve  is  a  four-parameter 
least-squares  fit  to  the  function  K1  +KZ  exp[-  2 (z 
-  i^o)2/c2T2].  It  shows  a  contrast  ratio  [equal  to 
{Ki  +K2)/K1]  of  2.  7:1.  The  results  of  TPF  traces, 
each  one  the  result  of  many  laser  shots,  agree  with 
the  data  of  Fig.  3:  the  average  full-width-at-half- 
maximum  (FWHM)  temporal  duration  of  the  laser 
output  is  30.0  ±6.0  psec,  implying  an  average  l/e 
half-duration  (t)  of  18.0 ±3. 6  psec. 

3.  Individual-pulse  r,  A  measurements 

During  the  course  of  the  laser  calibration,  a  nar¬ 
row  distribution  of  individual  pulse  durations  was 
actually  observed,  the  average  of  which  is  the  val¬ 
ue  stated  above.  In  order  to  investigate  the  pulse- 
width  statistics  further,  and  to  be  able  to  obtain  in¬ 
dividual  r  measurements,  a  simple  pulse-duration- 
pulse-area  monitor  system  was  devised  and  added 
to  the  laser  system. 11  The  rationale  of  this  monitor 
system  follows  from  the  proven  Gaussian  spatial 


and  temporal  distribution  of  the  pulse  intensity.  Let 
Sf  be  the  energy  content  of  the  sample  of  the  funda¬ 
mental  pulse  that  is  measured  by  photodiode  PD- 3 
in  Fig.  1,  and  Ssh  be  the  energy  content  of  the  sec¬ 
ond-harmonic  sample  that  is  measured  by  PD-2. 
Then,  for  small  harmonic  conversion  efficiencies, 
it  can  be  shown  that 

Sj/S sh=qTA  ,  (8) 

where  q  is  a  collection  of  constants  for  a  given  ex¬ 
periment.  If,  in  the  course  of  an  experiment, 
enough  data  points  are  taken  so  that  the  average  of 
the  ratio  values  given  above  is  meaningful  and  rep¬ 
resentative,  then  that  average  value  can  be  set 
equal  to  the  product  of  the  known,  previously  mea¬ 
sured  average  values,  (t)  (A),  thereby  calibrating 
absolutely  the  individual  pulse  values  of  the  ratio 
given  by  Eq.  (8).  Using  these  individual-pulse  val¬ 
ues  of  tA,  one  obtains  individual-pulse  intensity 
values  from  the  easily  measured  pulse-energy  val¬ 
ues.  This  simple  scheme  is  useful  in  obtaining  ac¬ 
curate  data  for  processes  which  are  highly  nonlin¬ 
ear  in  the  intensity,  such  as  laser-induced  break¬ 
down  or  multiphoton  photoemission. 12 

C.  Focal  considerations 

As  discussed  in  Sec.  I,  a  plot  of  the  reciprocal 
breakdown  power  versus  reciprocal  focal  area 
yields  the  breakdown  field  and  the  nonlinear  re¬ 
fractive  index.  For  each  material  tested  in  these 
experiments,  the  breakdown  power  was  measured 
for  three  different  lenses.  The  focal  lengths  were 
0.  5,  1.0,  and  1.  5  in.  All  were  of  proper  shape  to 
minimize  spherical  aberration. 13  In  the  absence  of 
all  aberration,  the  intensity  distribution  in  the  focal 
plane  inside  the  test  material  would  be  the  Fourier 


FIG.  3.  Results  of  measurement  of  the  laser  pulse 
average  temporal  duration,  using  a  second-harmonic- 
generation  technique.  The  enhanced  scatter  of  the  points 
in  the  middle  of  the  data  is  due  to  interference  effects  in 
the  interferometer.  The  solid  curve  is  a  Least- squares 
fit  to  the  data,  yielding  a  FWHM  duration  of  30.  0  psec 
and  a  contrast  ratio  of  2.7:1. 
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transform  of  the  distribution  in  the  back  focal  plane 
of  the  lens.  The  latter  is  of  the  form  7(r)  =/0exp 
-  (r/p)2,  and  so  the  focal-plane  distribution  would 
be  If(r)  =l'0exp  -  ( r/u\)z ,  where  wx  is  given  in  Eq. 

(3).  Such  performance  would  be  diffraction  limited. 
In  reality,  however,  contributions  to  the  focal  radi¬ 
us  due  to  spherical  aberration  by  the  lens  and  by 
the  planar  surface  of  the  test  material  must  be  con¬ 
sidered.  The  radius  that  would  result  from  the 
first  of  these  two  aberrations  wz  is  given  by13 

w2=$Kp3/fz  ,  (9) 

where  k  is  a  function  of  lens  refractive  index  and 
has  the  value  0. 069  for  the  0.  5-  and  1.  5-in.  focal- 
length  lenses  (quartz,  n0  =  1.4498),  and  0.0455  for 
the  1 -in.  focal-length  lens  (glass,  n0  =  1.6667),  at 
1.06  pm.  Equation  (9)  was  derived  for  the  case  of 
a  plane  wave  incident  on  the  lens,  but  it  is  still  use¬ 
ful  here  in  a  manner  to  be  described  below.  The 
focal  radius  that  would  result  from  spherical  aber¬ 
ration  by  the  planar  test  material  surface14  w3  is 
given  by 

w3  =  D(n20  -  l)p3/2no/3  ,  (10) 

where  D  is  the  distance  between  the  interface  and 
the  focal  point  and,  in  the  experiments  here,  was 
always  2.0  mm.  The  effective  focal  radius  w  is 
related  to  the  above  constituents  by 

w  =  (trf  +m|  +  u%)1,z  .  (11) 

In  Table  I,  the  quantities  introduced  above  are  tabu¬ 
lated  for  the  three  lenses  used  here.  Because  of 
the  shallow  depth  of  focus  D  maintained  here,  the 
contribution  to  w  from  w3  is  seen  to  be  less  than  1% 
in  all  cases.  The  contribution  from  w2  is  also  seen 
to  be  less  than  1%  for  the /=  1-in.  and /=  1.  5-in. 
lenses.  Thus,  in  these  two  cases,  the  use  of  Eq. 

(9)  to  compute  voz  is  acceptable.  For  the /  =  0.  5-in. 
lens,  however,  the  spherical  aberration  contribu¬ 
tion  to  w  as  calculated  from  Eq.  (9)  is  nonnegligible. 
It  was  felt  necessary  to  perform  an  experiment  to 
determine  the  focal  distribution  for  this  lens.  To 
that  end  a  chromium-steel  razor  blade  was  mounted 
on  a  two-dimensional  precision  translator  with 
0. 13- pm  resolution.  The  front  surface  of  the  blade 
edge  was  then  positioned  precisely  in  the  focal  plane 
of  the  0.  5-in.  focal-length  lens,  the  focal  plane 


TABLE  I.  Focal  parameters. 


Focal  length/ 
(in. ) 

(Mm) 

w2 

(Mm) 

w3 

(jum) 

w 

(Mm) 

A  =irwi 
(Mm2) 

0.5 

1.95 

a 

0.23 

3.3* 

34.2 

1.0 

3.80 

0.37 

0.03 

3.94 

48.2 

1.5 

5.85 

0.25 

0.01 

5.  85 

107.9 

*See  text,  Sec.  EC. 


being  identified  as  that  requiring  the  least  irradi- 
ance  to  produce  a  spark  on  the  blade  surface.  The 
blade  was  then  swept  in  increments  across  the 
beam,  and  the  fraction  of  the  incident  pulse  energy 
(as  measured  by  a  reference  detector)  that  was  not 
blocked  by  the  blade  was  measured  as  a  function  of 
position.  Several  shots  were  taken  at  each  posi¬ 
tion,  and  the  irradiance  was  always  maintained  be¬ 
low  the  blade  damage  level.  A  simple  calculation 
shows  that  the  transmission  function  T(x)  should 
be  of  the  form 

T(*)  =  (jum2)*1  fX  f  e-(*'2+y2)/“'2 dx' dy 

J  m  OO  Jm  OO 

=  |[1  +erf(x/tt>)]  .  (12) 

The  experimental  data  conformed  well  to  a  curve 
of  the  above  form  if  w  was  given  the  value  3. 3  pm. 
Microscopic  examination  of  the  blade  edge  after  the 
experiment  verified  that  it  had  not  been  disfigured. 
Therefore,  the  value  of  3.  3  pm  for  the  focal  radius 
for  the  /  =  0.  5 -in.  lens  was  used  in  all  data  analysis 
in  this  report,  and  it  appears  in  Table  I. 

Finally,  aberration  due  to  decentration  and  tilt15 
of  the  lens  must  be  considered.  In  these  experi¬ 
ments,  such  further  contributions  to  w  were  ren¬ 
dered  negligible  by  the  following  alignment  pro¬ 
cedure,  which  was  used  for  every  experiment. 
Firstly,  in  order  to  deal  with  tilt,  the  lenses  were 
mounted  in  holders  which  allowed  the  attachment  of 
a  microscope  slide  in  front  of  the  lens  in  such  a 
manner  as  to  be  parallel  to  the  plane  of  the  lens. 
Next  the  beam  was  apertured  so  as  to  allow  only  a 
small  (0.  5-mm-diam)  central  section  to  strike  the 
attached  slide.  The  lens  was  then  adjusted  to  be 
normal  to  the  propagation  direction  to  within  better 
than  1.0°  by  adjusting  the  holder  so  that  the  reflec¬ 
tion  was  collinear  with  the  pulse  propagation  direc¬ 
tion.  Secondly,  decentration  was  made  negligible 
by  two  operations.  Before  the  lens  was  placed  in 
the  system,  the  position  of  the  center  of  the  laser 
pulse  at  a  point  past  the  lens  site  was  located  by  a 
marked  phosphorescent  card.  Then  with  the  lens 
inserted,  and  corrected  for  tilt  as  discussed  above, 
it  was  translated  so  that  the  center  of  the  trans¬ 
mitted  light  was  coincident  with  the  position  pre¬ 
viously  located.  Additionally,  the  reflection  of  the 
pulse  from  the  curved,  first  face  of  the  lens  was 
observed  with  another  viewing  card  and  when  align¬ 
ment  was  obtained,  the  reflection  was  symmetrical¬ 
ly  distributed  about  the  propagation  direction.  The 
lenses  could  be  centered  to  within  0. 1  mm  easily, 
making  associated  aberration  negligible.  The  re¬ 
producibility  of  lens  positioning  afforded  by  the 
above  simple  techniques  is  necessary  for  accurate 
absolute  breakdown  field  measurements  over  a 
large  series  of  materials. 
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D.  Procedure 

To  begin  each  experiment,  the  sample  was  opti¬ 
cally  polished  and  blown  with  dry  nitrogen  to  re¬ 
move  any  residual  abrasive  particles  from  the  sur¬ 
face.  The  sample  was  then  clamped  onto  an  x-y 
translator,  and  the  entrance  surface  was  aligned 
normal  to  the  propagation  direction.  It  was  neces¬ 
sary  to  maintain  a  hot-air  stream  over  the  most 
hygroscopic  of  the  materials  to  retain  surface  qual¬ 
ity.  The  amplifier  gain  and  the  variable  attenuator 
were  then  adjusted  so  that  the  approximate  break¬ 
down  irradiance  entered  the  material  and  so  that 
sufficient  signal  was  available  for  the  tA  measure¬ 
ment  devices,  as  discussed  earlier.  Thereafter, 
the  attenuator  was  left  unchanged  in  order  that  the 
ratio  values  of  Eq.  (8)  retain  their  usefulness,  as 
noted  earlier.  Any  further  fine  adjustment  of  the 
input  irradiance  was  done  with  the  amplifier  gain 
control.  The  material  was  translated  between 
pulses  so  that  a  new  portion  of  the  material  was 
probed  by  each  pulse,  and  the  coordinates  of  each 
probed  location  were  recorded.  A  fast  photodiode/ 
Tektronix  519  oscilloscope  combination  (PD-1/ 
CRO-1  in  Fig.  1)  was  monitored  during  each  firing 
in  order  to  eliminate  data  from  pulses  with  satel¬ 
lites.  At  each  firing,  the  fundamental  energy  and 
the  harmonic  energy  were  recorded.  Loss  of  en¬ 
ergy  by  reflection  from  the  lens  and  material  sur¬ 
face  was  taken  into  account  in  each  experiment. 

The  fundamental  energy  was  measured  with  a  photo¬ 
diode  calibrated  with  an  Eppley  Laboratory  thermo¬ 
pile.  Breakdown  sparks  were  initially  detected  with 
well  dark-adapted  eyes  operating  in  a  dark  room 
shielded  from  laser  flashlamp  light.  Later,  using 
the  recorded  coordinates  of  the  probed  sites,  the 
crystal  was  observed  under  a  microscope  to  verify 
breakdown  at  any  visually  uncertain  points.  The 


observed  damage  was  confined  to  a  cylindrically 
shaped  volume  typically  2  pm  in  diameter  and  25— 

50  pm  in  length,  and  therefore  occupied  a  small 
fraction  of  the  focal  volume,  just  above  threshold. 
The  reproducibility  of  the  data  when  probing  dif¬ 
ferent  specimens  and  different  volume  elements 
within  the  same  specimen  indicate  that  a  property 
characteristic  of  the  bulk  material  is  observed. 

Only  a  few  isolated  cases  of  inclusions  were  ob¬ 
served  under  the  microscope,  and  they  were  elimi¬ 
nated.  A  further  detailed  account  of  the  morphology 
of  the  damage  will  be  given  elsewhere.  Typically, 

50  shots  were  used  near  the  threshold  region  with 
each  lens  for  each  material.  The  data  were  then 
plotted  as  shown  in  Fig.  4  for  KC1.  The  sharpness 
of  the  threshold  is  typical  of  the  behavior  encoun¬ 
tered  in  these  experiments.  The  uncertainty  in  the 
breakdown  energy  was  generally  less  than  10%. 

The  three  encircled  points  were  associated  with 
pulses  having  unusually  short  tA  values,  and  did 
cause  breakdown  even  though  their  energy  was  be¬ 
low  the  threshold  energy  evident  in  the  figure  for 
pulses  with  tA  nearer  to  (t)(A).  The  damage  ener¬ 
gy  was  determined  in  this  manner  in  each  case,  and 
then  (r)  was  used  to  convert  the  energy  to  power. 

A  pulse  energy  Sf  is  related  to  the  pulse  power  P 
by  P-  Sf/(ir)llzT.  The  reciprocal  damage-power 
values  were  then  plotted  versus  reciprocal  focal 
area  as  discussed  in  Sec.  I.  An  example,  that  of 
KC1,  is  shown  in  Fig.  5.  A  least- squares  fit  to  the 
three  points  then  yields  the  desired  quantities— the 
breakdown  field  Eb,  independent  of  self -focusing  ef¬ 
fects,  and  the  nonlinear  index  of  refraction  n2,  via 
the  critical  power  for  self-focusing. 

III.  RESULTS 

In  this  section  results  are  presented  from  tests 
on  14  materials.  All  samples  were  obtained  from 
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FIG.  4.  Results  of 
breakdown  experiment 
in  KC1  for /=  1.5-in.  lens. 
The  average  pulse  dura¬ 
tion  (T)was  used  to  con¬ 
vert  energy  to  power  via 
P=S/Mi/2(T),  as  dis¬ 
cussed  in  Sec.  II D.  The 
three  circled  points  re¬ 
sulted  from  atypically 
short  pulses. 
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commercial  sources,  and  all  except  S102  and  ED-4, 
were  monocrystalline.  All  results  are  for  a  ge¬ 
ometry  with  the  propagation  direction  along  the 
[001]  axis  and  electric  vector  along  the  [100]  axis, 
except  for  the  YAG :  Nd  material,  in  which  the 
propagation  direction  was  along  a  [111]  axis.  This 
sample  orientation  was  chosen  in  order  to  measure 
the  same  quantities  that  are  operational  in  YAG :  Nd 
laser  rods. 

A.  Pulse-duration  dependence  of  the  breakdown  threshold 
in  NaCl 

Graphs  such  as  Fig.  5  yield  the  breakdown- 
threshold  electric  field  according  to  Eq.  (6),  as 
discussed  previously.  Field  values  so  obtained 
are  independent  of  all  self-focusing  effects.  The 
field  values  obtained  by  us  are  all  absolute,  and 
the  experimental  uncertainty,  estimated  by  repro¬ 
ducibility  and  by  calculation,  is  ±15%. 

In  this  section  we  examine  the  pulse-duration  de¬ 
pendence  of  the  breakdown  threshold  in  alkali 
halides  probed  by  pulses  of  1.06- pm  radiation  only. 
Measurements  have  been  made  in  NaCl  for  four  dif¬ 
ferent  pulse  durations,  from  10  nsec  to  15  psec,  by 
previous  investigators. 2  Those  data  are  reproduced 
in  Fig.  6,  along  with  the  datum  point  for  30  psec 
measured  by  us.  The  solid  curve  in  that  figure  is 
the  result  of  an  approximate  theoretical  calculation 
discussed  in  Ref.  2.  The  previous  investigators 
described  the  pulse  duration  dependence  of  the 


FIG.  5.  Results  of  breakdown  experiments  in  KC1  for 
three  lenses.  The  solid  line  is  a  least-squares  fit  to  the 
data.  The  slope  equals  the  reciprocal  threshold  break¬ 
down  intensity  and  the  vertical -axis  intercept  equals  the 
reciprocal  critical  power  for  self-focusing. 


rms  OPTICAL  ELECTRIC  FIELD  (MV/cm) 

FIG.  6.  Functional  relationship  between  the  break¬ 
down  threshold  electric  field  strength  and  the  pulse  dura¬ 
tion.  The  solid  curve  is  a  semiempirical  prediction  for 
NaCl,  discussed  in  Ref.  2. 


threshold  in  terms  of  a  field-dependent  ionization 
rate  a(E),  inversely  proportional  to  the  pulse  width. 
An  exponential  relation  between  the  number  of  con¬ 
duction  electrons  and  time  was  obtained 

N(f)=N0exp(j‘  a[E(t')]dt)  =N0M(t)  ,  (13) 

where  M{t)  describes  the  evolution  of  the  initial 
number  N0  (~  108  to  1010  per  cm3).  As  mentioned 
earlier,  because  M(t)  must  reach  ~10l°  during  the 
presence  of  the  laser  pulse,  stronger  fields  are 
necessary  as  the  pulse  duration  is  decreased. 
Therefore  the  field  dependence  of  the  ionization 
rate,  as  well  as  the  pulse  duration  dependence  of 
the  threshold,  is  displayed  in  Fig.  6. 

In  addition  to  data  for  NaCl,  the  data  now  avail¬ 
able  at  1.06  pm  for  five  other  alkali  halides  are 
illustrated  in  Fig.  6.  The  three  Na  halides  display 
a  similar  relative  dependence  of  threshold  on  pulse 
duration,  which  appears  to  be  somewhat  different 
for  the  K  halides.  In  combination  with  dc  measure¬ 
ments  by  others, 18  the  data  of  Fig.  6  make  available 
the  approximate  field  dependence  of  the  ionization 
rate  in  six  materials. 
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FIG.  7.  Experimental  trend  of  the  breakdown  field 
through  (a)  the  Na  halides  and  (b)  the  K  halides.  Shown 
for  comparison  are  data  from  previous  studies:  (x). 

Ref.  19;  (A),  Ref.  18;  (•),  dc  data  from  Ref.  16,  10.6- 
Mm  data  from  Ref.  17.  In  the  figure  nsec  denotes  a 
pulse  duration  the  order  of  nanoseconds,  and  psec, 
picoseconds.  Each  set  of  data  is  normalized  to  the  field 
for  NaCl  of  that  same  data  set.  Error  bars  for  the  pres¬ 
ent  work  are  shown  displaced  to  the  right. 


B.  Variation  of  the  breakdown-threshold  field  through 
the  Periodic  Table 

We  now  consider  the  variation  of  the  breakdown 
threshold  among  different  substances  for  picosec¬ 
ond  pulses  at  1.06-/nm  wavelength.  The  results  of 
our  measurements  are  presented  in  Table  II.  The 
threshold  is  observed  to  vary  from  a  minimum  of 
3.4  MV/cm  to  a  maximum  of  22.28  MV/cm  among 


the  materials  tested.  KDP  possesses  a  threshold 
so  high  as  to  approach  the  level  necessary  to  make 
multiphoton  ionization  probable.  Figure  7  displays 
the  trend  of  our  threshold  measurements  across  the 
Periodic  Table  for  the  Na  and  K  halides.  For  com¬ 
parison,  previous  data  from  dc, 16  and  Q- switched 
C02, 17  ruby, 18  and  YAG:  Nd, 19  laser-damage  studies 
are  presented.  Note  that  all  the  data  for  a  particu¬ 
lar  combination  of  pulse  duration  and  frequency  are 
normalized  to  the  NaCl  threshold  of  that  same  data 
set. 

C.  Third-order  electronic  susceptibility 

The  critical  power  for  self-focusing,  as  given  by 
Eqs.  (2)  and  (6),  is  obtained  in  these  experiments 
as  the  inverse  of  the  intercept  of  the  fitted  line  with 
the  vertical  axis,  in  graphs  such  as  Fig.  5.  The 
nonlinear  index  nz  and  x<3)  (-  u,  -  w)  are  re¬ 
lated  by 

n2  =  12ttx<3)  (-  «,  -  ")/n0  .  (14) 

The  experimental  condition  that  the  laser-pulse 
duration  is  much  shorter  than  the  electrostrictive 
response  time  (~10‘9  sec)  and  that  the  materials 
investigated  are  ionic  solids,  indicate  that  the  val¬ 
ues  of  Pcr,  «2,  and  x<3)  obtained  in  these  experi¬ 
ments  are  those  of  electronic  ( E )  origin  only.  Sev¬ 
eral  techniques  have  previously  been  employed  to 
measure  x<3>£,  among  them  third-harmonic  genera¬ 
tion, 20,21  three-wave  mixing,  22,23  intensity-depen¬ 
dent  ellipse  rotation, 24  nonlinear  birefringence, 25 
and  time-resolved  interferometry. 26 

The  values  obtained  in  the  present  experiments 
for  the  critical  power  Pcr,  the  nonlinear  refractive 
index,  and  the  third-order  electronic  susceptibility 
Xxlxx  (“  -  w)  are  presented  in  Sec.  A  of 

Table  III.  Also  tabulated  is  the  linear  refractive 
index  used  to  convert  n2  into  x<3)£.  The  experimen¬ 
tal  accuracy  of  Pcr,  and  of  x<3)£,  is  estimated  to  be 
±  50%.  Section  B  of  the  table  lists  previously  ob¬ 
tained  values  of  x<3>£  for  comparison.  The  smallest 
X(3)*  value  was  registered  by  NaF,  a  factor  of  al¬ 
most  18  less  than  that  of  KBr.  Agreement  with 
previous  values  is  substantial,  except  for  LiF, 
given  the  rather  large  experimental  uncertainties 


TABLE  II.  rms  breaksown  electric  field  strengths  (Et  uncertainty,  ±15%; 
field  ratio  uncertainty,  ±10%). 


NaF 

NaCl 

NaBr 

KF 

KC1 

KBr 

KI 

Eb  (MV/cm) 

V£?‘C1 

10.77 

1.47 

7.34 

1.00 

5.67 

0.77 

8.34 

1. 14 

5.86 

0.80 

5.  33 
0.73 

5.87 

0.80 

LiF 

Rbl 

ED-4a 

glass 

YaG :  Nd 

Fused 

Si02 

CaF2 

KDP 

Eb  (MV/cm) 
Eb/E*'c' 

12.24 

1.67 

3.40 

0.46 

9.90 

1.35 

9.82 

1.34 

11.68 

1.59 

14.44 

1.97 

22.28 

3.04 

*Owens-Illinois  (Toledo,  Ohio)  undoped  laser  glass. 
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TABLE  HI.  Results  for  Xn(f  (-  o>,  w,  cj,  —  w). 

A.  Present  work  B.  Xulf  (10*14  esu),  other  work 


Material 

^cr 

(MW) 

n„ 

n2 

(10'14  esu) 

m 

(1044  esu) 
±50% 

I 

±  300% 

Experiment4 

II  III 

±20% 

Other 

Theory6 

I  n 

NaBr 

0.111 

1.62 

96.15 

4.13 

NaCl 

0.166 

1.532 

64.66 

2.63 

1.2 

1.7 

0.8 

2.0 

NaF 

1.13 

1.321 

9.45 

0.33 

0.25 

0.13 

0.3 

KI 

0.095 

1.638 

112.35 

4.88 

3.1 

9.0 

KBr 

0.075 

1.544 

142. 31 

5.83 

2.8 

3.0 

1.3 

3.7 

KC1 

0.322 

1.479 

33.15 

1.30 

1.2 

1.9 

0.9 

1.9 

LiF 

0.438 

1.387 

24.37 

0.90 

0.3 

0.2 

0.  34  ±0.06 

0.28 

0.3 

CaF2 

0.389 

1.429 

27.70 

1.05 

0.35 

0.43  ±0.13 

0.4 

0.4 

fused  Si02 

0.783 

1,450 

13.63 

0.52 

0.7 

0.70  ±0.12 

0.  38  ±  0.  03IV 

1.4 

1.1 

KDP 

0.  295 

1.494 

36.18 

1.43 

ED-4 

0.503 

1.550 

21.22 

0.87 

1.  07  ±0.  08 

0.  71  ±  0.  05IV 

YAG  :  Ndc 

0.  302 

1.823 

35.34 

1.71 

2. 18  ±  0. 13 

(1.  98  ±  0. 14IV 
|l.  53  ±0.  30v 

0.  62 

aI.  Values  from  third-harmonic  generation,  Wang  and  Bardeen,  Ref.  20.  II.  Values  from  three-wave  mixing,  Maker 
and  Terhune,  Ref.  22.  III.  Values  from  three-wave  mixing,  Levenson  and  Bloembergen,  Ref.  23.  IV.  Values  from  in¬ 
tensity-dependent  ellipse  rotation,  Owyoung,  Ref.  24.  V.  Values  from  time-resolved  interferometry,  Bliss  etal.,  Ref. 
26. 

bI.  Calculated  from  generalized  Miller’s,  x0)  =  (x(1>)4 x  10'10  esu,  Wang,  Ref.  27.  II.  Calculated  from  Wang’s  rule, 

Ref.  27. 

CA11  experimental  values  in  this  row,  with  one  exception,  are  for  pulse  propagation  along  a  [111]  direction,  the  usual 
laser  rod  configuration.  In  these  cases,  the  measured  susceptibility  is  +  xj22f  +2x{i2f).  The  value  in  the  column 

designated  III  is  for  the  single  element  however.  The  present  work  investigated  a  YAG  :  Nd  crystal;  all  other  values 

in  the  row  pertain  to  undoped  YAG  crystal. 


listed.  The  only  serious  discrepancy  occurs  for 
LiF.  The  difference  between  our  value  for  LiF  and 
those  obtained  by  others  is  a  factor  of  approximate¬ 
ly  3.  We  tested  two  different  samples  of  LiF,  a 
total  of  three  times,  and  our  results  were  repro¬ 
ducible.  Therefore,  we  know  of  no  reason  to  sus¬ 
pect  that  the  error  in  our  value  for  LiF  exceeds  the 
stated  uncertainty  of  ±  50%.  The  expected  trend  of 
the  third-order  susceptibility  element  through  the 
periodic  table  is  displayed  for  the  Na  and  K  halides. 

IV.  SUMMARY 

The  method  of  controlled  dielectric  breakdown6’7 
has  been  demonstrated  to  be  a  useful  way  to  mea¬ 
sure  simultaneously  the  two  intrinsic  parameters 
which  must  be  known  to  enable  propagation  of  max¬ 
imum  picosecond-light  intensity  through  a  material 
in  a  stable  nondestructive  manner.  Those  param¬ 
eters,  the  breakdown  field  strength  and  the  elec¬ 
tronic  nonlinear  refractive  index,  have  been  mea¬ 
sured  in  several  materials  of  scientific  interest 
with  1.06-jum  laser  pulses  of  30-psec  average  dura¬ 
tion  (FWHM).  The  measurements  were  made  with 


well-calibrated  pulses  and  focal  geometry,  in  a 
manner  allowing  elimination  of  any  inclusion  effect 
and  measurement  of  intrinsic  processes  charac¬ 
teristic  of  the  bulk.  A  simple  technique  was  re¬ 
lated  for  the  measurement  of  (individual  picosec¬ 
ond  pulse  duration)- (pulse  area)  products.  The 
values  of  xWE(-  -  w)  presented  here  are  in 

reasonable  agreement  with  those  of  other  investi¬ 
gators.  The  measured  breakdown  field  strengths 
have  been  shown  to  be  those  of  an  avalanche  ioniza¬ 
tion  process.  Further  picosecond  experiments  at 
the  second-harmonic  frequency  are  in  progress  to 
investigate  the  onset  and  properties  of  dielectric 
breakdown  driven  by  multiphoton  ionization. 
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The  morphology  just  above  threshold  of  damage  sites  caused  by  picosecond  1.06  Mm  laser  pulses  is  shown  to  consist  of  a 
collection  of  micron-sized,  spatially  distinct  vestiges  of  individual  plasmas.  From  the  observed  site  density,  the  density  of  elec¬ 
trons  which  may  initiate  breakdown  can  be  inferred.  The  morphology  is  consistent  with  an  avalanche  ionization  model,  but 
not  with  absorbing  inclusion  damage. 


New  observations  are  presented  here  concerning  the 
initiation  and  growth  of  regions  of  avalanche  plasma  in¬ 
side  initially  transparent,  solid  dielectrics  due  to  the 
passage  of  intense  picosecond  laser  pulses.  These  obser¬ 
vations  provide  experimental  data  for  the  first  time  on 
the  question  of  the  operative  density  of  electrons  which 
may  serve  to  initiate  laser-induced  breakdown  at  a  given 
intensity  level.  Because  of  the  short  duration  of  the  la¬ 
ser  excitation  used  in  this  experiment,  avalanche  growth 
does  not  develop  to  the  point  of  plasma  microsite  over¬ 
lap  and  extensive  disruption  of  the  material.  The  dam¬ 
age  morphology  in  t*-  e  picosecond  regime,  induced  by 
well  controlled  pulses  just  above  the  breakdown  thres¬ 
hold,  is  shown  to  consist  of  a  chain  of  individual,  spa¬ 
tially-resolved,  micron-sized  plasma  vestiges.  They  are 
limited  to  a  narrow  axial  part  of  the  focal  region,  the 
perimeter  of  which  is  well  correlated  with  an  avalanche 
ionization  model.  / 

Previously  we  have  reported  thresholds  for  pico¬ 
second  laser-induced  breakdown  in  eighteen  transparent 
materials  [1,2] .  The  present  observations  concern  the 
morphology  of  the  damage  produced  in  those  studies. 
Single,  1.06  pm  pulses  from  a  passively  mode-locked, 
TEMq0,  YAlG:Nd  laser  system  were  used  to  cause  break¬ 
down.  The  average  full-width-at-half-maximum  (fwhm) 
pulse  duration  was  30  psec  and  a  nonlinear  optic  tech- 

* 
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nique  was  used  to  infer  the  duration  of  each  individual 
pulse  [3] .  The  pulse  duration  is  known  to  fluctuate  in 
passively  mode-locked  lasers  [4] .  This  technique  allows 
accurate  single  pulse  intensity  measurements.  The  in¬ 
fluence  of  incipient  self-focusing  was  minimized  by 
tightly  focusing  the  laser  pulses  with  an  external  lens 
and  by  always  using  incident  pulse  power  less  than  the 
critical  power  for  self-focusing.  Corrections  for  incipient 
self-focusing  were  taken  into  account  by  a  technique  [1] 
using  several  lenses  of  different  focal  area.  Any  damage 
track,  which  showed  presence  of  inclusions  upon  sub¬ 
sequent  microscopic  examination,  was  eliminated.  This 
occurred  in  roughly  one  percent  of  the  shots. 

In  figs,  la,  b,  c  we  show  photomicrographic  data  for 
picosecond  laser-induced  breakdown  near  threshold  in 
a  NaCl  single  crystal  sample  from  Harshaw  Chemical 
Co.  These  damage  tracks  were  produced  with  a  well- 
corrected  0.5  in.  focal  length  lens,  resulting  in  an  in¬ 
tensity  1/e  radius  of  3.3  pm  [1] .  Only  one  pulse  tra¬ 
versed  any  single  region  in  the  crystal.  The  tracks  were 
photographed  with  a  Leitz  Ortholux  microscope  and 
blue  light  through  a  0.4  N.A.  objective  at  340  x  total 
magnification.  The  calculated  resolution  and  the  ob¬ 
served  minimum  detectable  diameter  is  ~  0.7  pm.  The 
scale  lines  in  figure  indicate  a  distance  of  10  microns, 
and  were  transferred  from  a  photograph  made  under 
identical  magnification  conditions  of  a  10  micron-spacing 
objective  micrometer.  Because  the  photographs  were 
made  under  bright-field  illumination,  the  damage  micro¬ 
sites  appear  black  in  the  photographs.  That  appearance 


213 


Volume  18,  number  4 


OPTICS  COMMUNICATIONS 


September  1976 


Fig.  1.  Breakdown  morphology  in  a  NaCl  sample  produced  by  1.064  Mm,  nominally  30  psec  laser  pulses  focused  to  an  e  1  rms  in¬ 
tensity  radius  of  3.3  Mm.  The  scale  markers  denote  a  distance  of  10  Mm,  and  the  pulses  were  incident  from  the  left.  The  maximum 
rms  electric  field  values  reached  at  the  focal  point  in  figs,  la— c  were  1,  20,  and  52%,  respectively,  above  the  previously  measured 
threshold. 


does  not  necessarily  suggest  that  the  microsites  are  strong 
absorbers  after  creation.  The  same  appearance  would  re¬ 
sult  for  no  absorption,  but  instead  only  scattering  of 
light  out  of  the  collection  solid  angle  of  the  microscopic 
objective.  The  microsites  do  scatter  light  strongly,  as 
verified  by  observation  with  dark-field  illumination. 

The  morphology  of  fig.  1  is  typical  for  all  the  crystal¬ 
line  materials  that  we  tested  [1,2] .  The  morphology 
in  the  tested  non-crystalline  materials  (silica  and  laser 
glasses)  showed  less  distinct  microsites,  however.  Such 
a  difference  is  to  be  expected  due  to  the  lack  of  sur¬ 
rounding  crystalline  medium.  The  crystalline  backdrop 
provides  a  light  scattering  discontinuity  between  unmel¬ 
ted  crystalline  structure  and  melted  material  which  re¬ 
solidifies  presumably  into  a  disordered  state. 

Figs,  la— c  illustrate  the  damage  morphology  for 
three  different  input  intensities.  In  fig.  la,  the  maxi¬ 
mum  rms  electric  field  reached  at  the  focal  point  was 
7.4  ±1.1  MV/cm  (corresponding  to  65.6  kW).  The 
breakdown  threshold  found  previously  [1]  for  NaCl 
was  7.3  ±  1.1  MV/cm,  and  therefore  fig.  la  illustrates 
damage  essentially  at  threshold.  The  damage  is  accor¬ 
dingly  observed  to  consist  of  a  small  number  of  iso¬ 
lated  scattering  centers  localized  on  the  focal  axis,  each 
of  which  is  the  vestige  of  a  laser-induced  microplasma. 


Each  microplasma  began  from  a  single,  or  perhaps  a 
few,  easily  freed  electrons  along  the  focal  axis  during 
the  passage  of  the  laser  pulse.  Fig.  lb  illustrates  the  dam¬ 
age  in  the  same  sample  under  the  same  focusing  condi¬ 
tions  due  to  an  86.3  kW  pulse  with  maximum  focal  point 
electric  field  of  8.7  MV/cm,  about  20%  above  threshold. 
A  pulse  of  127.6  kW  and  11.1  MV/cm  maximum  field 
(52%  above  threshold)  produced  the  damage  shown  in 
fig.  lc. 

The  diameter  of  the  microsites  in  the  figures  is  typ¬ 
ically  about  1  pm.  If  we  assume  that  the  microplasma 
began  with  an  electron  located  at  point  r  at  the  begin¬ 
ning  of  the  pulse  and  model  the  growth  of  the  plas  na 
by  a  simple  diffusion  model,  we  may  estimate  the  ex¬ 
pected  spatial  extent  of  the  light-scattering  remains  of 
such  a  microplasma  to  have  a  diameter  *  2  \  r—  r  I  of 
roughly  4\jDf^.  Here  T is  the  laser  pulse  duration 
(fwhm,  30  psec)  and  D  is  the  electron  diffusion  coef¬ 
ficient,  which  is  expected  to  have  an  average  value  for 
the  high  electric  fields  encountered  here  of  roughly  1  to 
10  cm2/sec  [5] .  These  two  numbers  bracket  the  mi¬ 
crosite  diameter  by  about  0.2  and  0.7  microns.  This 
rough  estimate  is  consistent  with  the  observed  diameter. 
It  is  evident  that  for  laser  pulses  with  duration  a  few 
times  longer  than  the  present  30  psec  fwhm  duration, 
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the  focal  region  would  show  continuous  breakdown. 
Resolved  microsites  would  not  be  observed.  Such  con¬ 
tinuous  morphology  was  observed  by  Yablonovitch  [6] . 
Fradin  et  al.  [7] ,  and  others  in  damage  studies  with 
nanosecond  pulses. 

Just  at  threshold  (2.2  x  lO^W/cm2  maximum  focal 
point  intensity)  the  volumetric  density  of  microsites 
from  fig.  la  is  approximately  4  x  109  cm-3,  correspond¬ 
ing  to  the  observed  linear  density  of  1.5  x  103  cm-1 . 

The  maximum  density  in  fig.  lb  is  about  2  x  101 1  cm-3, 
for  a  maximum  focal  point  intensity  level  of  3.1  x  1011 
W/cm2.  This  density  decreases  slowly  out  to  the  extre¬ 
mities  of  the  damage,  where  the  maximum  field  attained 
was  the  threshold  value  and  the  density  is  approxima¬ 
tely  equal  to  that  in  fig.  la.  In  fig.  lc  one  observes  along 
the  track  the  progression  in  density  of  microsites  from 
approximately  that  of  fig.  la,  at  the  extremities  of  the 
damage,  through  that  of  fig.  lb,  into  a  region  where 
the  damage  along  the  focal  axis  has  become  continuous, 
except  for  short  discontinuities  caused  or  enhanced  per¬ 
haps  by  diffractive  shadowing. 

The  damage  sites  just  above  threshold  are  statistical¬ 
ly  spaced  and  symmetrically  distributed  within  their  re¬ 
gion  of  occurrence  along  the  axis.  There  is  initially  no 
shadow  effect  due  to  absorption  and  scattering  out  of 
the  incident  beam.  The  light  diffracts  readily  around 
the  damage  sites  in  the  trailing  edge  of  the  pulse  and 
the  effective  integrated  intensity  on  axis  is  hardly  di¬ 
minished.  At  higher  intensities  the  loss  of  incident  in¬ 
tensity  due  to  damage  spots  creates  the  asymmetry 
noticeably  in  fig.  lc. 

The  maximum  intensity  reached  at  the  focal  point 
in  fig.  lc  was  5.0  x  101 1  W/cm2.  It  is  important  to  note 
that  the  electric  field  and  intensity  values  discussed  in 
this  paper  are  maximum  rms  values  reached  only  in¬ 
stantaneously  as  the  temporally  gaussian  laser  pulse 
passed  through  a  given  spatial  point  in  the  sample. 

Much  discussion  *  [8—15]  has  taken  place  in  the 
recent  literature  concerning  the  number  and  origin  of 
initiating  electrons  for  the  avalanche  process,  and  on 
their  influence  in  associated  aspects  such  as  the  statis¬ 
tical  nature  of  laser-induced  breakdown.  In  the  original 
work  by  Yablonovitch  [6]  which  established  10.6  pm 
optical  breakdown  as  an  avalanche  process  closely  re¬ 
lated  to  DC  breakdown,  the  initial  electron  density  Nq 
in  the  avalanche  relation 
* 

A  review  of  work  concerning  laser-induced  breakdown  in  so¬ 
lids  through  1973  was  given  by  Bloembergen  in  ref.  [8] . 
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N(t)  =  Nq  exp 


(1) 


had  to  be  obtained  essentially  by  order-of-magnitude 
guesswork  [16] .  The  resulting  successes  of  the  ava¬ 
lanche  model  have  been  due  to  the  weak  dependence 
of  most  aspects  on  Nq.  However,  statistical  aspects 
of  laser-induced  breakdown  depend  markedly  on  Nq 
[13— 15] .  The  microsite  density  in  fig.  1  may  be 
identified  with  the  density  Nq.  It  is  of  course  possible 
that  more  than  one  initiating  electron  leads  to  the 
production  of  one  microsite.  Thus  the  derived  value 
of  7V0  is  approximate,  and  has  the  order  of  magnitude 
of  101°  / cm3,  in  agreement  with  past  assumptions 
[8] .  The  production  mechanism  of  these  electrons 
could  be  investigated  in  more  detail  with  our  observa¬ 
tion  technique.  It  has  been  argued  [12]  from  electri¬ 
cal  conductivity  properties  that  109  free  electrons 
per  cm3  do  not  exist  in  insulating  crystals,  but  that 
initiating  electrons  are  produced  [9,12]  at  1.06  pm 
promptly  by  two-photon  ionization  of  ground-state 
F  centres  which  may  occur  in  concentrations  as  high 
as  lO^/cm3,  even  in  a  clear  crystal  with  linear  ab¬ 
sorption  coefficient  a  ^  10-4  cm-1  at  1 .06  pm.  It  is 
evident  that  further  studies  of  this  nature  as  a  func¬ 
tion  of  F-center  concentration,  temperature,  ambient 
light,  etc.,  would  be  useful  in  fully  understanding  this 
aspect  of  laser-induced  breakdown.  Any  color  cen¬ 
ter  densities  must  be  implanted  without  concomitant 
introduction  of  metallic  colloids  which  would  con¬ 
fuse  subsequent  data  interpretation. 

The  damage  microsites  are  clearly  confined  to  a 
narrow  region  on  the  axis  of  the  focal  spot,  where  the 
laser  intensity  is  maximum.  The  region  grows  both  in 
length  and  in  diameter,  with  the  amount  by  which  the 
maximum  laser  intensity  exceeds  the  threshold  value. 
The  region  has  an  ellipsoidal  shape  and  is  plotted  as  the 
dotted  line  in  fig.  2  for  the  case  of  fig.  lb.  It  may  be 
roughly  interpreted  as  the  volume  element  in  which  the 
laser  intensity  exceeds  the  threshold  value.  These  data 
are  testimony  to  the  reproducibility  of  the  laser  pulses 
and  their  effects. 

The  damage  is  due  to  heating  of  the  lattice  by  re¬ 
sistive  losses  of  the  electrons  in  the  plasma.  Since  the 
heat  diffusion  length  during  the  picosecond  pulse  is 
much  smaller  than  the  electron  diffusion  length  which 
determines  the  size  of  the  microsite,  the  temperature 
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Fig.  2.  Comparison  of  the  breakdown  morphology  perimeter 
of  fig.  lb,  indicated  by  the  dashed  lines,  with  an  avalanche 
heating  isotherm  as  computed  with  eq.  (2).  The  isotherm,  the 
solid  curve  in  the  figure,  indicates  a  temperature  of  800°C,  the 
melting  point  of  NaCl.  The  z  axis  is  the  focal  axis.  Note  the 
different  scale  factors  for  r  and  z  axes. 


rise  in  a  microsite  located  at  the  point  ( r,z )  may  be  cal¬ 
culated  from 


T(r,z,t)  =  — 


mC(  1  +  co2r2) 


x  j  N(r,z,t')  \E(r,z,t')\2  dt'. 


(2) 


where  the  laser  electric  field  distribution  is  given  by 
E2 

\E(r,z,t)\2  =  exp[— (f/r)2] 

1+Z  ZRE 

x  exp  {— r  2  /  [p  2  ( 1  —P(t  )P^)  ( 1  — z  2z^. )  ] } .  (3) 

The  electron  density  is  given  by  eq.  (1)  where  the  ioni¬ 
zation  rate  77  may  be  calculated  from  [1,18] 

log  tj  {E(v , z,  f)}  =  3.58  log  E(r,z,t)  +  8.62,  (4) 

for  E  between  1 .0  and  9.0  in  units  of  MV/cm.  For  NQ 
in  eq.  (2)  we  use  one  electron  within  a  microsite  vol¬ 
ume,  or7V0  =  2  x  1012  cm-3.  In  expression  (2)  above, 
e  and  m  are  the  free-electron  charge  and  mass,  respec¬ 
tively,  C  is  the  sample  heat  capacity  per  unit  volume 
(1.85  J/cm3  °C)  for  NaCl,  co  is  the  laser  angular  fre¬ 
quency,  and  t  is  the  effective  electron  collision  time 

C  _  1 

which  we  have  taken  here  to  be  c J~  [18] .  In  eq.  (3) 
Eq  is  equal  to  E{ 0,  0,  0)  which  is  the  maximum  rms 
field  reached  at  the  focal  point,  occurring  at  t  =  0.  The 
e-1  intensity  radius  in  the  focal  plane  is  p  (=3.3  pm 


here),  and  zRE  is  the  Rayleigh  distance  for  the  electric 
field,  2nnp2/\,  or  98.5  microns  here  (where  n  is  the 
linear  refractive  index).  The  e-1  temporal  intensity  half¬ 
duration  is  denoted  above  by  t,  having  values  of  23.2, 
19.4  and  27.0  psec,  respectively,  for  the  pulses  which 
produced  figs,  la,  b,  and  c  [3] .  P(t)  denotes  the  laser 
pulse  power.  P  is  the  critical  power  for  self-focusing, 
taken  here  [1]  to  be  166  kW  for  NaCl.  Using  eqs.  (1—4), 
we  may  compute  the  three  dimensional  surface  on  which 
the  maximum  temperature  reached  just  equals  the  melt¬ 
ing  temperature  of  NaCl  (800° C)  and  within  which  any 
volume  element  of  microsite  size  would  be  melted,  if  it 
contained  an  initial  electron.  The  result  of  this  calcula¬ 
tion  is  plotted  as  the  solid  line  in  fig.  2.  The  good  agree¬ 
ment,  especially  as  to  the  shape  of  the  region  with  dam¬ 
age  sites,  is  strong  evidence  that  the  avalanche  ioniza¬ 
tion  mechanism  is  responsible  for  the  damage. 

The  difference  in  size  of  the  region  with  damage 
shown  in  figs,  la  and  lb,  corresponding  to  a  difference 
in  input  pulse  power  of  only  32%,  cannot  be  explained 
on  the  basis  of  absorbing  inclusions.  These  (invisible) 
inclusions  would  have  to  be  uniformly  distributed  with 
a  density  of  1011  cm-3,  and  would  all  have  to  be  uni¬ 
form  in  absorptivity  and  size.  They  would  also  have  to 
vary  in  a  systematic  way  to  explain  the  observed  char¬ 
acteristic  threshold  for  each  bulk  material  [  1  ] ,  in  par¬ 
ticular  the  systematic  compositional  variation  through¬ 
out  the  periodic  table  for  the  alkali  halides.  Since  the 
specter  of  absorbing  inclusions,  influence  of  which  was 
carefully  assessed  and  eliminated  in  the  present  experi¬ 
ments,  was  raised  in  a  recent  publication  [19] ,  the 
question  of  metallic  Na  inclusions  in  NaCl  is  considered 
in  further  detail.  The  invisible  inclusions  are  obviously 
smaller  than  the  wavelength  of  blue  light  (<  0.4  pm), 
but  in  order  to  melt  a  volume  of  this  size  to  produce 
microscopically  visible  damage,  they  must  have  a  diam¬ 
eter  at  least  as  large  as  about  0.1  pm.  This  number  was 
calculated  by  solving  the  transient  heat  conduction 
boundary  value  problem  for  the  absorber-host  system, 
using  the  Mie  absorption  cross  section  [20]  and  the 
incident  intensity.  If  the  sample  contains  1013/cm3  of 
Na  particles  with  a  diameter  larger  than  0.1  pm,  one 
would  of  course  find  a  linear  attenuation  coefficient 
many  orders  of  magnitude  larger  than  the  observed  at¬ 
tenuation  coefficient  of  <  10-4  cm-1  in  Harshaw  NaCl 
samples  [21]. 

Other  experiments  [19,22]  also  showed  filamentary 
damage  of  up  to  1  mm  track  length  and  were  carried 
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out  at  power  levels  that  allow  a  moving  self-focal  spot 
[23,24]  to  develop. 

In  our  experiments  the  effects  of  incipient  self-fo- 
cusing  were  carefully  corrected  [1]  by  the  method  pro¬ 
posed  by  Zverev  and  Pashkov  [25]  and  by  Fradin  [26] . 
Our  results  add  further  strong  evidence  to  that  of  ear¬ 
lier  papers  [1,2,6,7,27]  that  the  fundamental  damage 
threshold  is  determined  by  the  avalanche  ionization 
process. 

The  authors  are  indebted  to  Prof.  L.  Taylor  of  Har¬ 
vard  University  for  the  use  of  microscopy  equipment, 
and  to  Prof.  F.  Luty  of  the  University  of  Utah  and  Prof. 
E.  Yablonovitch  of  Harvard  for  helpful  discussions.  The 
skillful  sample  preparation  of  S.  Maurici  is  greatly  ap¬ 
preciated. 
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Dielectric  Breakdown  Threshold,  Two-Photon 
Absorption,  and  Other  Optical  Damage 
Mechanisms  in  Diamond 

P.  LIU,  R.  YEN,  and  N.  BLOEMBERGEN 


Abstract-T\\z  breakdown  threshold  and  two-photon  absorption  coef¬ 
ficient  are  measured  in  diamond  with  picosecond  pulses  at  1.06  and 
0.53  Mm.  The  rmsbreakdown  threshold  at  1.06  Mm  is  21.5  MV/cm.  The 
two-photon  absorption  coefficient  at  0.53  Mm  is  less  than  2.6  X  10  4 
cm/MW. 

I.  Introduction 

ASER  induced  dielectric  breakdown  has  been  extensively 
studied  in  the  past  decade.  However,  additional  experi¬ 
mental  data,  especially  on  UV  transmitting  window  materials, 
are  still  needed.  Furthermore,  conflicting  theoretical  explana¬ 
tions  for  the  intrinsic  breakdown  mechanism  have  been  pro¬ 
posed.  The  theory  based  on  electron  avalanche  ionization  [1] , 
[2]  can  explain  most  of  the  observed  features,  including  the 
pulse  duration  dependence  of  breakdown  threshold  [3] ,  the 
damage  morphology  [4],  and  the  damage  statistics  [5] -[7]. 
It  has  also  been  used  to  explain  the  frequency  dependence  of 
the  breakdown  threshold  from  dc  to  the  visible  region  [1], 
[2] .  The  starting  electrons  for  the  avalanche  must  be  supplied 
by  thermal  or  photoionization  of  shallow  impurities,  or  by 
intrinsic  multiphoton  ionization.  This  last  process  will  contri¬ 
bute  substantially  to  the  plasma  growth  with  increasing  fre¬ 
quency  [8] .  A  decrease  in  the  breakdown  threshold  for 
7igj  >  0.33  Eg  has  been  reported  in  agreement  with  this 
picture  [9] . 

Recently,  a  new  scheme  was  suggested  by  Schmid,  Kelly, 
and  Braunlich  [10]  to  explain  the  intrinsic  damage  threshold 
in  ionic  crystals.  In  their  theory,  free  electrons  are  generated 
by  multiphoton  absorption  and  form  polarons  by  the  strong 
coupling  between  these  free  carriers  and  the  ions.  The  polaron 
can  absorb  photons  with  a  large  cross  section  and  heat  the 
crystal  to  its  melting  point.  This  mechanism  could  not  be 
operative  in  a  covalent  crystal,  such  as  diamond.  Since  this 
material  is  also  a  possible  candidate  for  high  energy  laser 
windows,  in  spite  of  its  limitations  in  size  and  cost,  the  damage 
characteristics  of  diamond  are  reported  in  this  note. 

II.  Review  of  Self-Focusing  Effect 

At  the  power  level  involved  in  laser  induced  breakdown, 
the  self-focusing  effect  has  to  be  taken  into  account.  For  a 
Gaussian  pulse  of  power  P  and  beam  waist  wQ,  the  intensity 
distribution  is 
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Iir)  =  PI  A  X  exp  [~(r/rt0)2]  (1) 

where  A  =  nw2.  The  maximum  on-axis  intensity  corrected  for 
the  self-focusing  effect  is  given  by  [11] 

/max  =  P/A  X  { 1  -  P/  [<t>(P)Pcr]  }_1  ,  (2) 

Here,  Pcr  is  the  critical  power  for  self-focusing,  given  by 

Pcr  =  cX2/(32tt2«2)*  (3) 

c  is  the  speed  of  light  in  vacuum,  X  is  the  vacuum  wavelength, 
and  n 2  is  the  nonlinear  index  of  refraction.  According  to 
Marburger  [11],  <p(P)  is  a  monotonic  function  of  the  power  of 
the  laser,  <p(P)  ->  1  for  P  «  Pcr\  cp(P)  -*  3.7  for  P  -*  P2 .  Here 
P 2  is  the  critical  power  for  catastrophic  self-focusing,  and 
equal  to  3.7  Pcr.  The  rms  breakdown  electric  field  strength 
is  given  by 

Eb=Vmaxlcn0e0yf2  '  (4) 

eQ  is  the  free-space  permittivity,  and  nQ  is  the  linear  index  of 
refraction. 

As  suggested  by  Zverev  and  Pashkov  [12]  and  Fradin  [13], 
Pcr  can  be  found  by  measurihg  the  breakdown  threshold  as  a 
function  of  the  focal  area  A,  This  method  was  used  by  Smith 
et  al.  [14]  in  their  experiment.  The  nonlinear  index  of  refrac¬ 
tion  is  related  to  the  real  part  of  the  third  order  susceptibility 
by 

n2  =  1 2 7r x<3)  (_ lo,  co,  co,  -c o)/n0.  (5) 

n0  is  the  linear  index  of  refraction!  Hence,  three-wave  mixing 
data  on  x(3)  provide  an  alternative  method  of  finding  n2 . 

III.  Experiment 

The  experimental  setup  is  similar  to  that  used  in  [14].  A 
single  pulse  is  switched  out  from  a  pulse  train  generated  in  a 
mode-locked  YAG:Nd  oscillator.  The  pulses  have  an  average 
full  width  at  half  maximum  duration  of  30  ps,  and  have  a 
( 1/e )  radius  r  =  1.10  mm.  In  the  measurement  at  1.06  /am, 
neutral  density  filters  are  used  to  monitor  the  energy  of  the 
laser  beam  and  its  second  harmonic.  The  pulse  duration 
fluctuation  can  be  taken  into  account  by  the  tA  technique 
[14].  The  photodiode  is  calibrated  against  a  pyroelectric 
energy  meter  and  the  beam  radius  is  measured  by  a  linear 
photodiode  array. 

The  lenses  used  are  identical  to  those  used  in  [14].  The 
^-inch  focal  length  lens  has  focal  area  34.2  /am2  and  the 
1-inch  lens  has  focal  area  48.2  /am2.  Aberrations  have  been 
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Fig.  1.  Dielectric  breakdown  threshold  njeasurements  in  diamond  at 
1.06  Mm.  The  data  are  taken  with  a  ^-inch  focal  length  leas. 


taken  into  account.  The  Rayleigh  lengths  are  1 53  and  214  pm, 
respectively. 

The  diamond  sample  has  a  thickness  of  0.94  mm.  The  linear 
transmission  is  measured  by  a  Cary  14  spectrometer.  No 
absorption  band  exists  in  the  visible  region,  and  the  absorption 
edge  is  at  290  nm.  A  translation  stage  with  resolution  25  pm 
is  used  to  put  the  center  of  the  sample  at  the  focal  point.  An 
alignment  He-Ne  laser  is  used  to  select  good  spots.  Scratches 
on  the  surface  and  previously  damaged  sites  can  be  identified 
by  observing  the  scattering  of  the  He-Ne  laser.  The  sample 
is  moved  from  shot  to  shot  in  the  damage  threshold  measure¬ 
ment.  The  breakdown  is  recognized  by  the  plasma  radiation 
detected  by  the  naked  eye  adapted  to  the  dark  room.  The 
sample  is  checked  under  a  microscope  after  the  experiment. 
Since  the  volume  damage  with  the  }-inch  lens  is  limited  to  a 
track  with  a  diameter  of  about  100  pm,  the  highly  strained 
region  at  the  damage  site  gives  rise  to  birefringence  when 
observed  between  crossed  polarizers.  No  birefringence  can 
be  seen  from  surface  damage,  unless  it  is  damaged  by  laser 
pulses  with  power  much  higher  than  the  breakdown  threshold. 
No  attempt  was  made  to  distinguish  between  inclusion  and 
intrinsic  damage.  Instead,  data  from  a  large  number  of  sites 
are  used.  The  small  focal  volume  and  relatively  sharply  defined 
threshold  indicate  that  single  shot  inclusion  damage  is  not 
important. 

The  532  nm  light  is  generated  in  a  90°  phase-matched 
cesium  dihydrogen  arsenate  crystal  by  the  amplified  laser 
pulse.  A  dispersive  prism  at  the  minimum  deviation  is  used 
to  separate  the  second  harmonic  from  the  fundamental  beam. 
Only  the  1-inch  lens  is  used  for  the  measurement  at  532  nm. 
The  beam  spot  size  is  14.7  pm2  at  the  focal  point.  Due  to 
the  surface  scattering  of  the  visible  laser  beam,  a  different 
method  is  used  to  identify  damage.  A  probe  laser  beam  at 
low  intensity  is  passed  through  the  focal  area  where  damage 
is  expected  to  take  place.  The  occurrence  of  a  pattern  of 
concentric  rings  is  used  as  a  criterion  for  damage  [15].  The 
sensitivity  of  this  method  is  checked  in  a  fused  silica  sample. 


The  threshold  determined  this  way  is  estimated  to  be  50 
percent  higher  than  that  determined  by  observing  the  plasma 
radiation. 

In  measuring  the  two-photon  absorption  with  the  532  nm 
light,  a  setup  similar  to  that  used  in  [16]  is  used.  The  energy 
transmission  coefficient  is  measured  as  a  function  of  input 
laser  intensity. 

IV.  Results 

At  1.06  pm,  a  set  of  data  taken  with  the  |-inch  focal  length 
lens  is  shown  in  Fig.  1.  Fortunately,  data  on  the  nonresonant 
contribution  to  have  been  published  by  Levenson  et  al. 
[17].  Their  measured  value  of  for  diamond  is  4.6  X  10'14 
ESU.  This  gives  n2  =  7.2  X  10'13  ESU,  and  Pcr  =  148  kW. 
Thus,  we  used  <p(p )  =  3.7  in  (2)  and  find  that  /max  =  2.97  X 
1012  W/cm2;  Eb  =  21.5  MV/cm.  The  reproducibility  for 
threshold  is  ±35  percent. 

For  the  1-inch  focal  length  lens,  the  power  necessary  to 
study  breakdown  is  close  to,  or  higher  than,  P2  .  No  sharp 
breakdown  threshold  was  observable.  The  surface  of  the 
diamond  graphitizes  in  an  oxygen  environment  at  about 
600°C  [18] .  Furthermore,  the  Rayleigh  length  is  23  percent 
of  the  thickness  of  the  sample,  and  the  flux  density  at  the 
surface  was  not  much  lower  than  that  in  the  focal  region. 
Therefore,  a  lower  surface  breakdown  threshold  is  expected. 
Catastrophic  self-focusing  or  surface  breakdown  can  explain 
the  lack  of  sharp  threshold  with  the  1-inch  focal  length  lens. 

Several  hundred  shots  having  an  average  power  level  of 
one-third  threshold  were  fired  on  a  single  site  at  a  rate  of 
seven  pulses  per  second.  No  cumulative  effect  on  damage 
was  observed.  However,  if  the  site  had  already  been  damaged, 
the  damage  would  grow  even  with  lower  power  pulses. 

At  532  nm,  Pcr  -  47  kW  and  P2  =  174  kW.  The  power  level 
used  to  observe  single  shot  damage  is  greater  than  P2 ,  and  no 
reliable  breakdown  threshold  can  be  determined.  Ey  accumu¬ 
lating  laser  pulses  on  a  single  site  with  power  in  the  range 
10-50  percent  of  the  catastrophic  self-focusing  power  P2,  we 
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observe  cumulative  damage  after  several  hundred  to  a  thousand 
shots.  This  observation  confirms  the  previous  observation  that 
diamond  C2n  be  damaged  by  a  repeatedly  pulsed  dye  laser 
operating  in  the  blue  wavelength  [19] .  The  reason  for  cumu¬ 
lative  damage  effects  at  visible  frequencies  at  relatively  low 
powers  might  be  the  formation  of  long-lived  shallow  impurity 
states,  for  example  color  centers,  by  multiphoton  absorption. 
A  similar  cumulative  effect  on  the  surface  damage  in  LiNb03 
has  been  discussed  [20] . 

The  intrinsic  two-photon  absorption  measurement  done  at 
532  nm  was  carried  out  with  single  pulses  at  undamaged  sites. 
The  energy  transmission  coefficient  is  practically  constant  with 
intensity  up  to  3.6  GW/cm2.  The  upper  limit  on  the  two- 
photon  absorption  coefficient  is  calculated  to  be  2.6  X  1CT4 
cm/MW. 

We  calculated  the  color  center  density  generated  by  the  two- 
photon  absorption  at  532  nm.  We  used  a  power  equal  to  0.1 
Pcr,  a  two-photon  absorption  coefficient  of  2. 6  X  1CT4  cm/MW, 
and  assumed  the  same  quantum  efficiency  for  color  center 
formation  by  two-photon  absorption  in  KC1  [21] .  The  color 
center  density  generated  by  a  single  pulse  is  8  X  1018  per 
cm3 .  Since  the  electron  density  needed  to  absorb  laser  energy 
strongly  by  the  inverse  bremstrahlung  is  of  the  order  of  1021 
per  cm3 ,  this  calculation  shows  that  the  rather  low  two-photon 
absorption  coefficient  is  still  consistent  with  the  observed 
cumulative  damage.  At  1 .06  pm  it  needs  at  least  four  photons 
to  generate  a  color  center;  thus,  a  much  lower  color  center 
density  is  expected.  This  explains  why  there  is  no  cumulative 
effect  observed  at  1 .06  pm. 

V.  Conclusion 

The  intrinsic  breakdown  threshold  of  30  ps  pulses  at  1 .06 
pm  in  diamond  is  2 1 .5  MV/cm.  This  value  should  be  compared 
with  the  observed  value  of  14.4  MV/cm  in  CaF2, 12.2  MV/cm 
in  LiF,  and  22.3  MV/cm  in  KH2P04  [14],  It  is  concluded 
that  the  intrinsic  mechanism  has  the  same  origin  in  all  these 
materials.  Avalanche  ionization  is  a  universal  mechanism,  and 
polaron  heating  may  be  eliminated  as  an  alternative  explanation. 

The  intrinsic  two-photon  absorption  cross  section  at  0.53 
pm  is  still  below  the  detection  limit  of  2.6  X  1CT4  cm/MV 
with  peak  power  of  3.6  GW/cm2.  Nevertheless,  repeated 
pulses  at  power  levels  an  order  of  magnitude  smaller  can 
produce  cumulative  damage,  presumably  by  the  creation 
of  impurity  centers. 

The  critical  power  for  self-focusing  is  relatively  low  due  to 
the  high  value  of  «2 .  These  effects,  in  combination  with 
surface  damage  due  to  graphitization,  make  diamond  un¬ 
suitable  as  a  UV  window  material. 
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ABSTRACT 

The  basic  and  dominant  physical  mechanism  of  laser  interaction 
in  absorbing  media  is  heating.  The  temperature  rise  is  determined 
by  the  laser  power,  pulse  duration,  absorption  coefficient,  specific 
heat  and  thermal  diffusivity.  It  is  possible  to  heat  and  melt  thin 
surface  layers  of  metals  and  semiconductors  in  a  microsecond,  or 
even  nano-  or  picoseconds.  The  subsequent  cooling  rates  may  range 
8  1 A 

from  10  °C/sec  to  10  °C/sec.  Annealing  of  ion-implanted  surfaces, 
laser  glazing,  surface  alloying  and  cladding  are  technological  ap¬ 
plications  based  on  the  fast  heating  and  cooling  rates  obtainable 
with  short  time  irradiation  of  good  absorbers  with  intense  laser 
beams. 


1.  INTRODUCTION 

Shortly  after  the  invention  of  the  ruby  laser  the  strength  of 
the  laser  pulses  was  measured  in  "Gillettes",  i.e.,  the  number  of 
razor  blades  a  single  pulse  could  pierce  through.  It  was  also  ob¬ 
served  that  such  laser  pulses  when  focused  in  air,  or  nonabsorbing 
condensed  optical  media,  could  cause  electric  breakdown.  Thus  any 
material,  when  exposed  to  sufficiently  intense  laser  pulses,  will  be 
transformed  into  a  plasma.  The  laser  fusion  program  is,  of  course, 
directly  based  on  this  phenomenon.  The  laser-plasma  interaction 
heats  the  plasma  further.  The  transfer  of  heat  from  the  plasma  to 
adjacent  solid  surraces  is  of  great  importance  in  operations  such  as 
laser  drilling,  welding  and  cutting. 

In  this  paper  the  attention  will  be  restricted  to  processes  in 
whioh  no  plasma  is  formed  in  front  of  the  solid  surface.  The  energy 
and  power  in  the  laser  pulses  is  thus  restricted  so  that  no  signifi¬ 
cant  evaporation  or  boiling  takes  place.  Dielectric  breakdown  by 
avalanche  ionization  or  multiphoton  absorption  is  also  excluded. 
Under  such  conditions  the  temperature  rise  of  the  solid,  or  liquid,- 
is  due  to  the  absorption  of  electromagnetic  radiation  in  the  con¬ 
densed  phase.  Ordinary  linear  one-photon  absorption  processes  are 
dominant  in  absorbing  media  such  as  metals  and  semiconductors,  when 
extreme  laser  intensities  are  avoided. 

Thus  the  basic  physics  of  laser  annealing  is  simply  a  problem 
in  heat  generation  by  absorption  and  cooling  by  heat  conductivity 
into  the  substrate,  or  by  thermal  re-radiation  at  high  temperature 
from  the  surface. 

The  dominant  feature  of  laser  heating  is  that  a  large  amount  of 
energy  may  be  absorbed  in  a  short  time  interval.  Thus  the  surface 
of  an  absorbing  material  may  be  heated  to  the  melting  temperature 
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and  beyond  in  a  fraction  of  a  microsecond  or  even  in  picoseconds. 
Rapid  recrystallization  of  the  molten  layer  takes  place  after  the 
laser  irradiation  has  stopped.  The  temporal  and  spatial  scale  of 
the  temperature  profile  is  such  that  material  diffusion  in  the  solid 
state  is  too  slow  to  play  a  significant  role.  Thus  alloy  equilibria 
and  impurity  concentrations  may  be  frozen  to  give  a  surface  layer 
different  properties  from  the  underlying  substrate.  Heat  treatment 
of  the  surface  layer  alone,  without  concomitant  annealing  of  the  sub¬ 
strate,  is  important  in  laser  applications  to  materials  processing. 

In  technological  applications  a  continuous  production  process 
requires  the  use  of  a  c.w.  laser  beam,  which  is  focused  on  the  sur¬ 
face  of  the  work  piece.  The  duration  tp  is  then  determined  by  the 
linear  dimension  of  the  focal  spot  size,  a,  and  the  velocity  v  of 
the  focal  spot  relative  to  the  surface.  A  scanning  arrangement  by 
means  of  moving  mirrors  may  be  used,  or  the  material  may  be  moved 
rapidly  under  a  fixed  focal  spot.  Arrangements  with  rapidly  rota¬ 
ting  cylinders  or  moving  sheets  across  a  line  focus  from  a  cylindri¬ 
cal  lens  are  used.  The  translational  velocity  cannot  exceed  a  frac¬ 
tion  of  the  acoustic  propagation  velocity  and  is  probably  limited  to 
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the  range  of  10  -  10  cm/sec.  The  focal  spot  size  may  be  as  small 

'  _q  _2 

as  10X  and  lies  usually  in  the  range  of  10  -  10  cm.  Thus,  irra¬ 


diation  times  in  the  range  of  10  ^  to  10  ^  sec  are  attainable.  With 

3  8  9 

~  10  C,  the  cooling  rates  would  be  10  to  10  °C/sec. 

Much  shorter  irradiation  times  may  be  obtained  with  pulsed 

lasers.  Typically,  Q-switched  solid  state  lasers  (ruby,  Nd-glass, 

-9  -7 

Nd-YAG)  give  output  pulses  of  10  -  10  sec  duration.  Pulsed  TEA 

_8 

CO^  lasers  and  excimer  lasers  also  give  pulse  duration  around  10 
sec.  Much  shorter  pulses  are  obtainable  by  techniques  of  mode¬ 
locking  and  plasma  breakdown  switching.  Pulses  are  available  in  a 


wide  frequency  range  with  a  duration  of  3  to  30  x  10 
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sec,  while 


pulses  as  short  as  0.3  x  10  sec  have  been  created.  No  materials 
research  with  picosecond  pulses  has  yet  been  reported,  although  it 
is  well  established  that  such  pulses  may  have  sufficient  energy  to 
melt  a  metallic  surface  or  cause  damage  in  nonabsorbing  materials. 


2.  ELEMENTARY  CONCEPTS  IN  LASER  HEATING  AND  COOLING 


Consider  the  idealized  geometry  of  a  laser  pulse  of  duration  tp 
of  uniform  and  constant  intensity  I(watts/cm^)  normally  incident  on 
a  plane  boundary  of  an  absorbing  material  with  an  absorption  coeffi¬ 
cient  a.  The  reflection  coefficient  at  the  surface  is  R.  R  and  a 
characterize  the  optical  properties  of  the  material  and  are  assumed 
to  be  independent  of  temperature.  The  thermal  properties  of  the 
material  are  described  by  the  specific  heat  per  unit  mass  Cv,  the 
mass  density  p  and  the  thermal  conductivity  k.  The  heat  diffusivity 

D  *  k/CvP  determines  a  characteristic  length  (2Dtp)2,  which  indi¬ 
cates  how  much  the  temperature  profile  is  spread  out  during  the 
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laser  pulse.  To  obtain  an  order  of  magnitude  estimate  of  the  at¬ 
tainable  heating  and  cooling  rates,  the  assumption  is  made  that  K, 

D  and  Cy  are  independent  of  temperature  and  that  no  latent  heat  due 
to  phase  transitions  is  involved.  Two  limiting  cases  may  be  distin¬ 
guished,  which  are  illustrated  in  Figs,  la  and  b. 


Fig.  1.  Schematic  intensity  and  temperature  profiles. 

a.  The  penetration  depth  a-1  of  the  light  is  small  com- 
pared  to  the  thermal  diffusion  length  (2Dtp)  2. 

b.  The  penetration  depth  of  the  light  is  large  compared 
to  the  thermal  diffusion  length. 

Case  a.  The  optical  absorption  depth  a  ^  is  small  compared  to 
the  thermal  diffusion  length,  a(2Dtp)  »  1.  In  this  case  the 
energy  absorbed  during  the  laser  pulse  (l-R)It  is  used  to  heat  a 

layer  of  thickness  (2Dtp)  .  The  average  temperature  rise  in  this 
layer  is 

AT  «  (l-R)I  tp/cv  p  (2Dtp)?5 
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After  the  laser  pulse  the  heat  in  this  layer  diffuses  into  the  sub¬ 
strate.  The  order  of  magnitude  o,f  the  cooling  time  is  again  equal  ^ 
to  tp,  the  time  it  takes  the  heat  to  diffuse  over  a  distance  (2Dtp) 2 

Thus  the  heating  and  cooling  rates  both  have  the  order  of  magnitude 

AT/tp  -  (l-R)I/Cvp(2Dtp)!* 

Case  b.  The  optical  absorption  depth  a  ^  is  large  compared  to 
the  thermal  diffusion  length,  a  (2Dtp)2  «  1.  The  light  absorption 
creates  an  exponential  temperature  profile,  with  characteristic 
length  a-1. 


AT (z)  =  (l-R)a  I  e  **  tp/Cv  p 

The  heating  rate  is  AT(z)/tp.  The  cooling  rate  is,  of  course,  much 

more  important, as  it  determines  the  structure  of  the  surface  layer 

after  the  laser  treatment.  Since  the  heat  has  to  diffuse  into  the 

—1  —2 
substrate  over  a  length  a  ,  the  cooling  time  is  roughly  a  /2D. 

The  cooling  rate  has  the  order  of  magnitude 

(1-R)  a3  ( 2D  I  tp/Cv  p) 

From  an  experimental  point  of  view  the  laser  pulses  can  always 
be  given  sufficient  energy  to  evaporate  the  surface.  Thus  the  maxi¬ 
mum  temperature  rise  is  limited  by  the  boiling  point  of  the  material 
For  practical  heat  treating  purposes,  one  would  not  wish  to  exceed 
the  melting  temperature  T  very  much.  Taking,  therefore,  AT  «  T^, 

it  is  evident  that  the  faster  cooling  rates  pertain  in  Case  a.  It 
turns  out  that  for  most  cases  of  practical  interest  the  condition 

a(2Dtp)  1  »  1  is  indeed  satisfied.  Thus  cooling  rates  T^/tp  are  at¬ 
tainable  in  material  layers  of  thickness  (2Dtp)^.  In  Table  I  the 
material  constants  pertinent  to  laser  annealing  are  listed  for  a 
metal  (copper)  and  a  semiconductor  (silicon)  for  the  wavelength  of 
0.5  pm.  It  is  assumed  that  the  heat  conductivity  varies  inversely 
proportional  to  the  temperature,  and  for  all  quantities  an  average 
value  over  the  interval  between  0  and  10 J  °C  has  been  taken. 


Table  I.  Average  material  constants  for  Cu  and  Si 
(for  0  °C  <  T  <  103  °C  and  A  =  0.5  pm) 


a(cm) 

R 

CVP 

D 

Cu 

10-6 

0.5 

3 

3.85  Joule/cm 

2 

0.99  cm  / sec 

1083 

Si 

10~4 

0.35 

3 

0.56  Joule/cm 

2 

0.7  cm  / sec 

1420 

For  the  ruby  wavelength  the  reflectivity  of  Cu  is  0.9,  and  it  ap¬ 
proaches  unity  further  in  the  infrared.  For  small  values  of  1-R  it 
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is  advisable  to  produce  an  absorbing  oxide  coating  for  purposes  of 
laser  annealing.  The  reflectivity  of  many  metals  and  alloys  lies  in 
the  range  0.3  to  0.9  in  the  visible  spectrum.  The  penetration  depth 
of  the  light  field  in  good  conductors  in  the  visible  and  near  infra¬ 
red  frequencies  is  given  by  the  London  penetration  depth  c/lOp  = 

(mc^/4  irNe^)  2,  where  ojp  is  the  plasma  frequency  and  N  is  the  concen¬ 
tration  of  conduction  electrons  with  mass  m  and  charge  e.  This 
depth  is  independent  of  frequency  and  lies  in  the  range  1  to  3  x 
10~6  cm  for  metallic  conductors. 

The  absorptivity  a  of  silicon  decreases  rapidly  towards  longer 
wavelengths,  with  the  intrinsic  absorption  edge  lying  in  the  vicin¬ 
ity  of  1  ym.  Precise  knowledge  of  the  variation  of  with  tem¬ 
perature  would  be  required  in  that  case. 

The  intensity  and  energy  fluence  required  to  heat  a  surface 

3 

layer  of  copper  or  silicon  by  10  °C  at  0.5  nm  wavelength  is  listed 
in  Table  II  for  a  range  of  pulse  durations. 


Table  II.  Intensity  and  energy  fluence  required  to  heat  the  surface 
layer  of  Cu  and  Si  by  10  °C  for  different  laser  pulse 
durations  at  A  =  0.5  ym 


tp (sec) 


(2Dtp) 2(cm) 


/  A 

I (watts/cm  )  Joule/cm 


Cu 

AT=10 


3o, 


Si 

AT=103°C 


3  x  10 
3  x  10 
3  x  10 

3  x  10 
3  x  10 
3  x  10 


r6 

2.5 

x 

io"3 

6.4 

X 

io6 

19 

r8 

2.5 

X 

io"4 

6.4 

X 

io7 

1.9 

r11 

0.8 

X 

10~5 

1.9 

X 

io9 

0.06 

r6 

2 

X 

io"3 

1.1 

X 

io6 

3.3 

r8 

2 

X 

10~4 

1.1 

X 

io7 

0.33 

r11 

0.6 

X 

io"5 

5 

X 

io9 

0.16 

It  is  seen  that  the  inequality  for  Case  a  is  satisfied  in  metallic 
conductors  for  optical  wavelengths  between  0.2  and  2  ym  for  all  but 

the  shortest  picosecond  pulses.  The  thermal  diffusion  length  (2Dtp)^ 
exceeds  the  penetration  depth. 

The  latent  heat  of  melting  for  copper  is  only  45  percent  of  the 
heat  required  to  heat  it  from  room  temperature  to  the  melting  point, 
T^  =  1083  °C.  The  energy  density  required  for  melting  may  be  esti¬ 
mated  from  Tables  I  and  II.  If  the  absorbed  energy  were  twice  that 
required  for  melting,  the  boiling  point  of  copper  (T^  =  2582  °C) 
would  be  reached . 

For  silicon,  Case  a  is  marginally  satisfied  for  pulses  of  30 
nanoseconds  or  longer  at  0.5  ym  wavelength.  For  shorter  pulses  or 
longer  wavelengths  one  approaches  the  limiting  Case  b.  In  this  case 

a  depth  a  ^  is  heated;  this  approximation  has  been  used  in  the  bot¬ 
tom  line  of  Table  II.  Shorter  absorption  depths  in  silicon  are 
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obtainable  in  the  ultraviolet,  and  such  wavelengths  should  be  used 
in  picosecond  pulses  to  obtain  cooling  times  shorter  than  10  sec. 

Cooling  rates  in  silicon  of  10^  °C/sec  are  readily  obtainable  with 
Q-switched  lasers  at  the  wavelengths  of  the  ruby  laser  or  shorter. 

For  longer  wavelengths  with  larger  absorption  depth,  the  cooling 
rates  decrease. 

Transparent  crystals  may  be  supplied  with  an  absorbing  film  at 
the  surface,  or  alternatively  with  strongly  absorbing  impurities 
localized  in  a  layer  in  the  interior  of  the  crystal.  The  beam  could 
be  strongly  focused  onto  this  absorbing  layer  to  get  rapid  heating 
and  cooling  of  a  dielectric  layer  immediately  adjacent  to  the  absorb¬ 
ing  region. 

In  all  cases  it  is,  of  course,  possible  to  start  the  laser  an¬ 
nealing  procedure  for  different  initial  temperatures  of  the  sub¬ 
strate.  If  one  wishes  to  melt  the  material  over  one  absorption 
length,  and  if  at  the  same  time  boiling  at  the  surface  must  be 
avoided,  it  may  be  necessary  to  heat  the  substrate  in  order  to  avoid 
large  temperature  gradients  in  the  molten  layer  during  tp. 

A  quantitative  description  of  the  temperature  profile  requires, 
of  course,  more  detailed  solutions  of  the  transport  equations  for 
heat,  matter  and  electromagnetic  energy.  Phase  transitions  and  dif¬ 
fusion  of  impurities  must  be  included.  Some  more  rigorous  solutions 

1  2 

available  in  the  published  literature  *  confirm  the  presence  of 
essential  time  and  length  scales  in  laser  annealing,  which  were  de¬ 
duced  above  by  order  of  magnitude  considerations. 

3.  DISCUSSION  AND  CONCLUSION 

The  influence  of  laser  wavelength,  fluctuations  in  the  laser 
intensity,  and  the  question  to  what  extent  deviations  from  thermal 
equilibrium  occur  on  the  very  fast  time  scales  involved  in  laser 
heating,  are  all  points  which  require  some  further  comments. 

a.  Fluctuations  in  the  Laser  Beam 

The  first  experiments  in  any  area  of  high  power  laser  physics 
have  always  been  done  with  multimode  laser  pulses.  Instead  of  a 
smooth  gaussian  or  rectangular  spatial  and  temporal  profile,  the 
pulses  exhibit  spatial  and  temporal  fluctuations  in  intensity.  The 
temporal  fluctuations  are  not  very  important,  as  the  total  heat  de- 
posited  is  proportional  to  the  total  energy  fluence  (Joules/cm  ), 
since  the  variation  of  the  optical  and  thermal  parameters  during  a 
temporal  spike  is  expected  to  be  small. 

Spatial  variations,  by  contrast,  are  quite  important.  Consider 
a  laser  pulse  with  two  modes  of  equal  strength.  Due  to  interference 
there  will  be  intensity  maxima  and  minima.  In  the  maxima  the  inten¬ 
sity  will  be  four  times  the  intensity  of  a  spatially  smooth  pulse 
with  the  same  total  energy.  Consequently  the  maximum  temperature 
rise  would  be  four  times  that  calculated  for  a  smooth  pulse.  If 
this  temperature  is  inserted  in  the  exponential  activation  function 
for  diffusion  coefficients,  one  may  be  orders  of  magnitude  off  in 
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predicting  impurity  distributions,  etc.  Good  spatial  mode  control 
of  the  laser  pulses  is  essential.  It  is  easy  to  visualize  a  situa¬ 
tion  where  parts  of  the  surface  are  melted  and  other  parts  remain 
solid,  even  if  the  beam  has  relatively  small  spatial  fluctuations. 
Flat  top  or  gaussian  spatial  profiles  with  a  characteristic  spot 
size  a  which  is  large  compared  to  the  absorption  depth  are  preferred. 
For  small  values  of  a,  heat  diffusion  in  the  lateral  direction,  par¬ 
allel  to  the  surface,  should  be  taken  into  account. 

b.  Laser  Wavelength 

A  wide  selection  of  wavelengths  is  available  in  powerful  laser 
pulses.  The  frequency  of  solid  state  lasers  can  easily  be  multi¬ 
plied  by  harmonic  generation.  Short  intense  pulses  in  the  ultra¬ 
violet  are  also  available  from  excimer  lasers.  Short  CO2  laser 
pulses  at  the  9-11  ym  wavelength  are  easily  obtained.  The  output 
powers  of  pulsed  dye  lasers  and  optical  parametric  oscillators  are 
becoming  sufficient  for  laser  annealing  experiments  at  tunable  fre¬ 
quencies.  Thus,  the  wavelength  can  be  matched  to  the  absorption 
characteristics  of  the  material.  For  metals  the  variations  in  R  and 
the  penetration  depth  between  the  near  infrared  and  near  ultraviolet 
are  not  spectacular  from  the  standpoint  of  laser  annealing.  In  the 
far  infrared  the  reflectivity  may  increase  to  more  than  99  percent, 
and  the  absorption  depth  increases  to  the  classical  skin  depth 

d  =  (4  ncrcjy  )  \  where  a  is  the  dc  conductivity  and  oj  is  the  circular 
frequency.  The  high  reflectivity  is  of  great  importance  in  high 
power  mirror  systems  to  avoid  damage  by  heating.  Conversely,  for 
laser  annealing  the  high  reflectivity  should  be  avoided.  It  is,  of 
course,  rather  simple  to  anodize  a  surface  to  give  a  smaller  reflec¬ 
tion.  The  reflectivity  usually  decreases  somewhat  with  increasing 
temperature,  and  it  may  show  an  abrupt  change  at  the  melting  point. 

The  wavelength  of  Nd  lasers  at  1.06  ym  is  rather  special  in  the 
case  of  silicon,  since  it  lies  in  the  vicinity  of  the  intrinsic  ab¬ 
sorption  edge.  Thus  changes  in  structure,  crystalline  to  amorphous 
or  liquid,  may  produce  large  changes  in  the  reflection  coefficient, 
and  also  in  the  absorption  depth.  If  controllable,  such  effects  may 
be  used  to  preferentially  heat  amorphous  or  highly  doped  portions  of 
a  surface  layer,  as  discussed  in  a  recent  publication.-^  It  would  be 
highly  desirable  to  test  the  correctness  of  such  approaches  by  con¬ 
trol  experiments  at  another  wavelength,  e.g.,  from  a  ruby  laser, 
well  within  the  intrinsic  absorption  region. 

Materials  transparent  in  the  visible  region  may  be  heat  treated 
by  irradiation  in  UV  and  IR  absorption  bands.  The  latter  method  is 
preferable,  since  UV  absorption  will  also  lead  to  the  formation  of 
color  centers  and  other  structural  changes. 

c.  Physical  Effects  in  Ultrafast  Cooling 

The  time  scale  of  heating  and  cooling  is  so  fast  that  material 
diffusion  in  the  solid  state  cannot  play  a  significant  role.  Nor  is 
there  sufficient  time  for  motion  of  grain  boundaries  or  dislocations 


227 


in  the  solid  state.  It  is  therefore  essential  to  melt  the  surface 
layer  in  order  to  establish  a  certain  alloy  composition,  or  in  order 
to  recrystallize  an  ion-implanted  layer.  Diffusion  in  the  melt  is 
sufficiently  rapid  to  allow  crystal  growth  at  the  liquid-solid  inter¬ 
face,  at  least  for  cooling  rates  less  than  10^  °C/sec.  This  is  the 
basis  of  the  regrowth  of  a  single  crystal  of  silicon  by  laser  anneal¬ 
ing  of  the  ion-implanted  layer. ^  The  impurities  will  distribute 
themselves  between  liquid  and  solid  phase  according  to  the  chemical 
potential  separation  factor.^ 

Heating  and  cooling  rates  faster  than  10  °C/sec  have  hardly 
been  explored.  Nevertheless,  this  ultrafast  regime  is  readily  acces¬ 
sible  experimentally  by  means  of  picosecond  pulses.  While  it  may 
not  be  important  for  technological  applications,  there  are  certain 
questions  of  scientific  interest  that  may  be  studied.  For  example: 
How  fast  does  the  cooling  rate  have  to  be  for  a  liquid  layer  on  a 
solid  substrate  to  resolidify  as  an  amorphous  solid?  Can  entirely 
new  solid  state  alloy  compositions  be  frozen  in  without  a  trace  of 
phase  segregation?  ^ 

It  has  been  speculated  that  the  heating  and  cooling  rate  of 
metal  surfaces  by  picosecond  pulses  would  be  so  fast  that  there 
would  not  be  time  for  the  electrons  which  are  heated  by  light  absorp¬ 
tion  to  come  into  thermal  equilibrium  with  the  lattice.  Picosecond 
temperature  rises  may  be  monitored  by  means  of  thermionic  emission. 
For  metals  at  room  temperature  electron-lattice  relaxation  times  ap¬ 
pear  to  be  faster  than  a  picosecond.  No  evidence  for  a  departure 
from  thermal  equilibrium  between  conduction  electrons  and  lattice 
has  been  found  in  metals  at  room  temperature . ^ 

If  silicon,  germanium  and  other  semiconductors  are  irradiated 
at  visible  wavelengths,  large  concentrations  of  hot  carriers,  elec¬ 
trons  and  holes  are  created.  The  electrons  are  rapidly  cooled  to 
the  bottom  of  the  conduction  band  and  the  holes  to  the  top  of  the 
valence  band.  In  germanium  at  room  temperature  this  relaxation  time 
is  less  than  one  picosecond.  Part  of  the  absorbed  energy  is  re¬ 
radiated  as  recombination  radiation  or  electron-hole  pairs.  It  is 
clear  that  for  irradiation  in  the  vicinity  of  the  band  edge  of  semi¬ 
conductors,  a  detailed  analysis  is  required  to  determine  how  much 
energy  is  transferred  to  the  lattice  as  heat. 

The  following  conclusions  may  be  drawn  from  these  admittedly 
qualitative  considerations.  Rapid  heating  in  absorbing  media  by  in¬ 
tense  laser  pulses  of  shore  duration,  followed  by  rapid  cooling  of 
thin  layers  by  heat  conduction  to  cold  substrates  permits  heating 

8  1A 

and  cooling  rates  in  the  range  of  10  to  10  °C/sec.  Cooling  rates 

3  10 

in  the  range  of  10  to  10  °C/sec  have  already  found  technological 
applications  in  annealing  of  ion-implanted  semiconductors,  and  in 
laser  heat  treatment  and  alloying  of  metallic  surfaces.  For  all 
scientific  and  many  practical  purposes,  it  is  essential  to  have  re¬ 
producible  laser  pulses  with  well  controlled  spatial  and  temporal 
character.  Picosecond  laser  pulses  open  the  possibility  to  carry 
out  materials  research  in  a  new  domain  of  ultrafast  cooling  rates 
not  attainable  with  splat  cooling  or  powder  anneal  techniques. 
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Ultrafast  melting  and  resolidification  on  the  surface  of  a  silicon  crystal  has  been  induced  by 
picosecond  laser  pulses  at  532  and  266  nm.  Optical  microscopy  and  electron  diffraction  revealed 
the  formation  of  amorphous  silicon.  Details  of  surface  morphology  are  sensitive  functions  of  pulse 
intensity,  energy,  wavelength,  and  crystallographic  orientation. 
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During  the  past  two  years  many  investigations  have 
been  reported1,2  on  laser  annealing  of  ion-implanted  silicon. 
Recrystallization  of  the  amorphous  implanted  layer  occurs 
after  melting  of  the  surface  layer  by  nanosecond  or  longer 
laser  pulses.  Dopant  distribution  depends  on  pulse  duration. 
The  fast  heating  and  cooling  rates  of  surface  layers,  up  to 
10  i°  °c/sec  in  nanosecond  laser  pulses,  have  important  ap¬ 
plications  in  semiconductor  technology  and  metallurgy. 

It  has  been  pointed  out3  that  picosecond  laser  pulses 
allow,  in  principle,  one  to  obtain  heating  and  cooling  rates  up 
to  10  14  °C/sec.  The  kinetics  of  phase  transitions  may  lead  to 
new  phenomena,  when  the  cooling  rate  is  increased  to  these 
magnitudes.  In  this  note  evidence  is  presented  that  the  sur¬ 
face  of  a  silicon  single  crystal  may  be  transformed  into  an 
amorphous  layer,  following  melting  induced  by  a  single  pi¬ 
cosecond  pulse. 

In  our  experiment,  a  mode-locked  Nd  :  YAG  laser  sys¬ 
tem  was  used.  A  single  pulse  with  an  average  duration  of  30 
psec  at  1.06-yum  wavelength  was  frequency  doubled  in  a 
CDA  crystal  to  generate  light  at  532  nm.  It  was  frequency 
doubled  again  to  give  an  output  at  266  nm.  An  automatic 
data  acquisition  system  was  used  to  monitor  carefully  the 
laser  intensity  for  each  shot.4 

Silicon  wafers  10  mils  thick  were  irradiated  with  a  laser 
intensity  from  1  to  1 5  GW/cm 2  at  the  center,  while  the  focal 
spot  size  varied  form  (1  to  6)  X  10  ~  4  cm2.  Each  site  was 
exposed  to  one  pulse,  either  in  the  open  atomsphere  or  in  a 
stream  of  nitrogen  gas.  The  results  did  not  depend  on  the 
ambient  gas.  Optical  examination  revealed  a  remarkable  re¬ 
flectivity  pattern  after  resolidification.  A  typical  pattern  is 
shown  in  Fig.  1(a),  obtained  forp-type  Si  with  a  [1 1 1]  crystal 
surface,  after  exposure  to  a  laser  pulse  at  532  nm  with  an 
intensity  level  of  7  GW/cm 2  at  the  center.  The  reflectivity 
profile  was  found  by  monitoring  the  reflectivity  of  a  tightly 
focused  He-Ne  laser  beam  as  it  scanned  across  the  sample. 
The  result  is  shown  in  Fig.  1(b).  From  published  data5  the 
reflectivity  of  an  s-polarized  He-Ne  beam  incident  at  45°  was 
calculated.  For  c-Si  it  is  46%,  while  for  a-Si  it  is  52-56%. 


The  optical  observation  thus  suggests  the  formation  of 
an  amorphous  ring  pattern  on  the  surface  under  these  condi¬ 
tions.  At  lower  intensities  the  ring  diameter  becomes  small¬ 
er,  the  amorphous  region  coalesces  to  a  spot  at  the  center, 
and  disappears  below  a  critical  intensity  threshold.  At  532 
nm  this  threshold  is  8  GW/cm  2  for  [100]  and  3.5  GW/cm 2 
for  [1 1 1].  Amorphous  rings,  rather  than  central  spots,  are 
formed  for  intensity  levels  exceeding  10  GW/cm 2  for  [100] 
ahd  5  GW/cm 2  for  [1 1 1]  surfaces.  The  center  is  then  again  a 
single  crystal  with  the  same  orientation  as  the  substrate.  At 


X  (mil) 


(b) 

FIG.  1 .  (a)  Typical  resolidification  morphology  for  p-type  Si  in  [  1 1 1]  orien¬ 
tation,  following  a  20-psec  pulse  at  532  nm.  (b)  Reflectivity  profile  of  the 
morphology. 
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(b) 

FIG.  2.  Electron  diffraction  patterns,  (a)  Pattern  observed  for  original  sur¬ 
face  and  the  recrystallized  region  in  the  center,  (b)  Pattern  observed  in  the 
annular  region  with  higher  optical  reflectivity  (compare  Fig.  1). 

266  nm  the  amorphous  areas  are  larger,  but  display  similar 
morphology.  Interference  fringes  were  observed  which  were 
formed  by  reflections  at  the  air-to-a-Si  and  a-Si-to-c-Si 
substrate  interfaces.  A  thickness  of  30  nm  was  deduced  for 
the  a-Si  layer  formed  by  a  266  nm  pulse. 

The  amorphous  nature  of  the  regions  with  increased 
reflectivity  was  confirmed  by  electron  diffraction  with  a 
transmission  electron  microscope.  Samples  were  etched  by 
CP-type  solution  (80  cm 3  nitric  acid,  10  cm  3  45%  hydro¬ 
fluoric  acid,  10  cm 3  acetic  acid)  from  the  back  surface  until  a 
hole  appeared.  Parts  of  the  sample  which  had  not  been  irra¬ 
diated  or  the  recrystalized  region  in  the  center  yield  the  dif¬ 
fraction  pattern  in  Fig.  2(a),  with  dominant  diffraction  spots 
from  [220]  planes.  Regions  with  higher  reflectivity  yield  the 
pattern  shown  in  Fig.  2(b).  The  occurrence  of  diffused  dots 
on  the  rings  was  caused  by  multiple  scattering.  The  sample 
was  not  thin  enough;  thus,  a  layer  of  c-Si  was  left  with  the  a- 
Si  layer.  Part  oTthe  main  beam  was  diffracted  by  c-Si,  lead¬ 
ing  to  a  system  of  primary  and  secondary  rings  upon  subse¬ 
quent  diffraction  in  a-Si.  The  rings  interfered  constructively 
to  give  the  appearance  of  diffused  dots.  A  densitometer  scan 
for  the  diffraction  pattern  shown  was  carried  out.  It  is  shown 
in  Fig.  3.  The  positions  of  the  first  two  peaks  fit  with  the 
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published  electron  diffraction  data  on  a-Si.6  We  noted  that 
the  second  ring  occurred  with  slightly  larger  scattering  vec¬ 
tor  compared  to  the  [220]-type  diffractions.  This  is  an  indi¬ 
cation  that  the  ring  was  not  formed  by  polycrystals.  No 
structure  on  the  shoulder  of  the  first  peak  was  observed.7  It 
ruled  out  the  possibility  of  frozen  liquid.  All  these  facts  con¬ 
firm  that  an  a-Si  region  was  formed  during  the  picosecond 
laser  pulse  treatment. 

The  structure  of  the  surface  layer  heat  treatment  is  de¬ 
termined  by  crystal-growth  speed  and  cooling  rate.  The  ki¬ 
netics  of  crystal  growth  have  been  discussed  and  reviewed  by 
Spaepen  and  Turnbull.8  They  estimate  a  limiting  growth  rate 
of  a  crystalline  (diamond  structure)  substrate  of  germanium 
into  molten  (metallic)  germanium  at  about  one  atom  layer  in 
10  ~  1  '-10  _  12  sec.  This  corresponds  to  a  maximum  crystal¬ 
lization  speed  of  uM  of  about  10  4  cm/sec.  It  is  determined  by 
the  frequency  of  atomic  impact  on  the  interface  multiplied 
by  a  configurational  factor  smaller  than  unity  to  account  for 
the  change  in  bonding  structure.9  The  latter  factor  is  absent 
in  the  solidification  of  metals,  so  that  the  limiting  speed  of 
metallic  crystal  growth  may  be  even  higher. 

It  is  estimated  that  the  transition  temperature  of  a-Ge 
to  1-Ge  is  about  0.8  Tm,  where  Tm  is  the  c-Ge-to-l-Ge  melt¬ 
ing  point.  If  the  liquid  layer  of  thickness  d  is  supercooled  well 
below  0.8Tm  in  a  time  short  compared  to  d  /uM,  it  is  indeed 
possible  for  the  amorphous  solid  phase  to  nucleate  first.  The 
situation  for  Si  and  Ge  is  probably  very  similar.8  9 

Without  going  into  detailed  solutions  of  the  tempera¬ 
ture  profiles10  following  laser  pulse  melting,  two  limiting 
cases  may  be  distinguished.3  If  the  optical  absorption  depth 
a  ~  1  is  small  compared  to  the  thermal  diffusion  length 
(2  Dlhtp)'/2,  the  cooling  time  is  of  the  same  order  as  tp.  For  tp 
~  3  X  10  _  1 1  sec,  the  thermal  diffusion  length  is  60  nm, 
while  the  absorption  depth  at  A  =  266  nm  is  less  then  50  nm 
in  the  solid  and  about  10  nm  in  the  metallic-liquid  phase. 
Thus,  following  melting  by  a  pulse  just  above  the  threshold 
intensity,  a  layer  of  depth  d  somewhat  smaller  than 
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FIG.  3.  A  densitometer  scan  of  the  electron  diffraction  pattern  shown  in 
Fig.  2(b).  Optical  density  was  plotted  against  distance  from  center  and  the 
scattering  vector. 
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5x10  ~  6  cm  is  cooled  in  tp  =  3  X  10  ~~  "  sec.  The  condition 
d  /uM>tp  may  be  fulfilled.  Well  above  the  threshold  intensi¬ 
ty,  the  temperature  of  the  molten  layer  rises  far  above  Tm  and 
the  cooling  rate  in  the  critical  region  below  0.8Tm  becomes 
longer.  The  center  of  the  irradiated  spot  may  revert  to  the 
crystalline  phase.  Thus,  the  annular  pattern  of  the  amor¬ 
phous  phase  may  be  understood.  Since  uM  for  a  [100}  is  high¬ 
est,  it  is  harder  to  obtain  the  amorphous  phase  in  this 
orientation. 

At  A  =  532  nm,  the  optical  absorption  depth  in  solid  Si 
is  increased  to  1  ^m.  In  this  case  the  cooling  time  would  be 
much  longer  than  tp,  but  the  absorption  depth  in  the  metallic 
liquid  is  only  10  nm,  so  that  the  cooling  time  would  be  in¬ 
creased  by  a  much  smaller  amount.  It  would  be  somewhat 
more  difficult  to  create  the  amorphous  phase  at  532  nm,  in 
agreement  with  observation. 

In  conclusion,  it  has  been  demonstrated  that  ultrafast 
melting  and  resolidification  by  picosecond  laser  pulses  leads 
to  new  situations  in  phase-transition  kinetics.  The  creation 
of  amorphous  spots  with  higher  reflectivity  on  a  silicon  crys¬ 
tal  may  find  application  in  high-density  optical  memory  sys¬ 
tems."  The  amorphous  spots  can  be  erased  with  a  somewhat 
longer  pulse.  The  switching  phenomena  may  be  compared 
with  those  discussed  by  Ovshinsky  and  Fritzsche12  for  chal- 
cogenide  glasses  on  a  longer  time  scale. 
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Laser  studies  of  internal  conical  diffraction.  I.  Quantitative 
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Detailed  measurements  of  the  conical  intensity  pattern  aragonite  have  been  carried  out  with  an 
incident  Gaussian  beam  (TEMoo)  of  a  helium  neon  laser.  Quantitative  agreement  with  theoretical 
calculations  is  found.  It  is  shown  that  the  integrated  intensities  on  either  side  of  the  Poggendorff  dark 
circle  are  not  equal,  unless  the  far-field  condition  for  Fraunhofer  diffraction  is  satisfied. 


I.  INTRODUCTION 

Conical  refraction  was  predicted  by  Hamilton1  in  1832 
and  found  experimentally  in  the  optically  biaxial  crystal 
aragonite  by  Lloyd2  in  the  same  year.  At  the  time  it  was 
considered  a  major  triumph  for  Fresnel’s  elastic  wave  theory 
of  light  propagation.  In  1839  Poggendorf3  found  a  dark  ring 
in  the  circular  intensity  pattern  that  occurs  at  the  exit  face  of 
the  crystal,  when  the  wave  vectors  of  the  incident  light  beam 
contain  the  direction  of  an  optic  axis.  Many  decades  later  this 
effect  was  explained  by  Voigt,4  who  considered  the  intensity 
per  unit  solid  angle.  Mathematically,  the  Poynting  vectors 
belonging  to  the  wave-vector  direction  exactly  parallel  to  the 
optical  axis  lie  on  a  cone,  with  an  apex  angle, 

P  =  2A  =  [(u2  -  u2)/o2](sin  2rj)/2.  (1) 

Here  vx  =  c/«1/2,  vy  =  c/e 1/2  and  vz  >  c/e 1/2  where  tz>  cy> 
tx  are  the  principal  values  of  the  dielectric  tensor,  whose  axes 
are  taken  as  the  xyz  coordinate  system.  The  optical  axes  lie 
in  the  xz  plane,  and  each  makes  an  angle 

V  =  arctan[(u2  -  u2)/(c2  -  c2)]1/2  (2) 

with  the  z  axis.  The  intensity  of  the  light  spread  out  on  the 
cone  Eq.  (1)  belongs  to  an  infinitesimally  small  solid  angle 
around  the  optical  axis.  To  discuss  the  intensity  pattern, 
wave  vector  directions  in  the  vicinity  of  the  optical  axis  must 
be  considered.  Standard  textbooks  in  optics5-6  give  a  good 
discussion  of  the  phenomenon  in  terms  of  plane  waves.  The 
notation  of  Born  and  Wolf5  is  followed  in  this  paper.  The 
direction  of  the  wave  normal  is  denoted  by  the  unit  vector  s, 
and  the  directions  of  the  Poynting  vector  by  t.  These  direc¬ 
tions,  and  the  associated  directions  of  the  electric  field  and 
displacement  vectors,  are  most  conveniently  expressed  in 
another  coordinate  system  to  facilitate  comparison  with  ex¬ 
periment. 

Introduce  the  rectangular  coordinate  system  u,  y,  v,  where 
0  is  in  the  direction  of  the  optical  axis, 

v  =  x  sinr?  +  z  cost;, 

-  „  „  ■  (3) 

u  =  x  cost/  —  2  sinr/. 

Let  #  be  the  polar  angle  between  the  wave  vector  and  the  op¬ 
tical  axis,  while  </>  is  the  azimuthal  angle  such  that  <p  =  0  de¬ 
notes  a  direction  in  the  liv  plane.  The  unit  wave  normal  in 
terms  of  these  angles  is  given  by 

sx  =  cos #  sinr;  +  sin#  cos<p  cos?/, 

sv  =  sin#  sincp, 

.  .  (4) 

sz  =  cos#  cost/  —  sin#  cos (p  smr/. 


The  directions  of  the  two  unit  Poynting  vectors  t±  corre¬ 
sponding  to  this  wave  normal  are  given  by 


tj/t*  =  -A(l  ±  COS  <p)  +  #  COS  (p  =f  #(1  ±  cos  cp)2 

X  j[(o2  —  o|)/4o2]  cos2t;  +  A2),  (5a) 

and 

ty/t*  =  =f A  sirup  +  #  sirup  —  #  sirup 


{ol  -  v2) 


4  vl 


cos2t/ 


+ 


(1  ±  COS <p)  ^ 


(<-’x  -  U?) 

4u2 


cos2tj  +  A2 


)]' 


(5b) 


The  phase  velocities  of  the  two  waves  with  wave  vector  s 
are 

°p±  =  vy  +  [(wjf  _  o2)/2]|#  sin2T/(— cos0  =f  1) 

+  #2  cos2t/(— 1  -f  cos<A)|.  (6) 


In  these  expressions  the  approximations  #  cot2?7  «  1  and  #2 
«  1  have  been  made.  They  are  valid  in  the  vicinity  of  the 
optical  axis.  Expressions  fot  the  electric  field  and  displace¬ 
ment  vectors  as  a  function  of  #  and  (p  have  also  been  obtained. 
These  will  not  be  reproduced  here,  but  details  of  the  calcula¬ 
tions  may  be  found  in  a  Ph.D.  thesis.7 

The  main  features  of  the  plane  wave  solutions  in  the  vicinity 
of  the  optic  axis  are  illustrated  in  Fig.  1.  Figure  1(a)  shows 
the  coordinates  of  the  wave  vetor;  the  wave  vector  parallel  to 
the  optical  axis  is  denoted  by  the  solid  dot  at  the  origin,  and 
the  wave  vector  given  by  #  and  <p  is  the  solid  dot  on  the  shaded 
annular  ring.  When  the  wave  vector  is  parallel  to  the  optical 
axis,  #  =  0, 0  <  (p  <  2x,  the  two  phase  velocities  are  degenerate 
but  the  infinitely  many  ray  velocity  vectors  are  not.  As  <p  is 
varied  from  0  to  2ir,  t±  traces  out  a  cone.  The  components 
t^/tu  and  ty/t*  form  the  heavy  line  circle  shown  in  Fig.  1(b). 
When  #  is  small  but  nonzero,  £+  is  contained  inside  #  =  0  cone, 
and  t~  is  outside.  If  terms  proportional  to  9(u2  —  uz)  are 
neglected,  then  as  <p  is  varied  from  0  to  2tt  for  constant  #,  t+ 
and  t~  will  form  cones  concentric  with  the  6  =  0  cone;  the 
components  £*/£„  and  ty/t*  will  form  the  shaded  annular 
rings  concentric  with  the  #  =  0  circle.  The  unit  wave  vector 
s  whose  coordinates  are  #  and  <p  will  have  two  Poynting  vectors, 
£+  and  t~,  whose  components  are  shown  by  the  solid  dots  in 
Fig.  1(b).  The  pattern  of  Poynting  vectors  as  a  function  of 
#  and  4>  is  radial  and  azimuthal  in  these  same  parameters. 
The  polarization  of  the  electric  field  is  shown  by  the  double 
ended  arrows  in  Fig.  1(b);  the  polarization  of  one  end  of  a  di- 
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FIG.  1.  Polar  coordinates  of  the  wave  vector  and  the  directions  of  the 
Poynting  vectors  in  the  vicinity  of  the  optical  vaxis. 

ameter  of  one  of  the  circles  is  perpendicular  to  that  of  the  other 
end. 

Calculation  of  the  ray,  displacement,  and  electric  vectors 
along  the  optical  axis  of  a  biaxial  crystal  has  been  done  by 
another  method  by  Juretschke,8  and  also  near  the  optical  axis 
by  Portigal  and  Burstein9  who  made  an  algebraic  error  in  their 
Eq.  (C6).  Disregarding  terms  proportional  to  0(v2  —  u2),  their 
corrected  results  agree  with  ours.  These  authors9(a)  were  also 
interested  in  the  propagation  characteristics  in  biaxial  crystals 
with  natural  optical  activity.  Lalor10-11  has  described  a 
mathematical  theory  of  diffraction  patterns  in  biaxial  crystals, 
but  when  he  applied  his  theory  to  conical  refraction,11  he  in¬ 
troduced  wave-vector  coordinates  which  were  not  physically 
meaningful.  The  theory  of  second-harmonic  conical  refrac¬ 
tion  was  first  developed  by  Shih  and  Bloembergen.12  In  Sec. 
Ill  of  this  paper  the  theoretical  calculations  will  be  extended 
to  yield  quantitative  expressions  for  the  intensity  patterns  in 
the  near  and  far  field  for  a  prescribed  Gaussian  distribution 
of  the  intensity  of  the  input  beam.  These  computational  re¬ 
sults  will  be  compared  with  new  experimental  investigations 
described  in  Sec.  II. 

Since  the  work  of  Voigt4’13  at  the  beginning  of  this  century, 
very  few  experimental  investigations  have  been  devoted  to  the 
basic  physics  of  conical  refraction.  Conoscopy  has,  of  course, 
been  widely  applied  in  crystallographic  studies,  but  we  know 
of  no  investigation  of  conical  intensity  patterns  since  the  ad¬ 
vent  of  the  laser  prior  to  the  present  work.  It  is  obvious  that 
the  availabiliy  of  well-defined  Gaussian  TEMqo  single-mode 
laser  beams  permits  a  determination  of  conical  intensity 
patterns  with  a  much  higher  precision  than  was  possible  in 
Voigt’s  time.  The  results  will  be  reported  in  a  series  of  three 
papers.  The  first  in  this  series,  which  is  the  present  one,  will 
give  a  quantitative  comparison  between  experimental  and 
theoretical  conical  intensity  distributions  in  a  crystal  with 
inversion  symmetry.  The  second  paper  will  deal  with  the 
intensity  patterns  in  a  crystal  which  lacks  inversion  symmetry. 
The  natural  optical  activity  of  such  a  crystal  modifies  the 
conical  intensity  pattern  in  an  intricate  manner.  Such  crys¬ 
tals  will  also  generate  intensity  at  the  second-harmonic  fre¬ 
quency.12  The  nonlinear  conical  refraction  phenomena  have 
been  briefly  reported  by  us,14  and  will  be  discussed  in  more 
detail  in  a  third  part  of  this  series. 

II.  EXPERIMENTAL  METHOD  AND  RESULTS 

A.  Sample 

In  order  to  observe  the  conical  pattern  of  Fig.  1  at  the  exit 
face  of  the  crystal,  the  diameter  of  the  waist  w o  of  the  Gaussian 


beam  focused  at  the  entrance  surface  of  the  crystal  and  the 
crystal  length  L  must  satisfy  the  following  relationship, 

w{L)  =  o>o[l  +  (XL/ttWou)2]  1/2  «  LA  (7) 

as  the  width  w(L)  of  the  diffracted  beam  at  the  exit  surface 
must  be  small  compared  to  the  radius  of  the  intersection  of 
the  cone,  with  half  apex  angle  A  given  by  Eq.  (1),  and  the  exit 
surface.  Here  n  ~  ty2  is  an  “average”  index  of  refraction,  and 
A  is  the  wavelength  in  vacuo  of  the  incident  light.  Equation 
(7)  indicates  that  the  beam  waist  must  be  relatively  large,  so 
that  angular  diffraction  spread  X/irWon  «  A.  This,  in  turn, 
indicates  a  rather  long  Fresnel  length,  Lp  ~  Wqu/\.  The 
minimum  crystal  length  required  to  observe  a  far-field  conical 
refraction  pattern  is  consequently 

L  >  64\/A2mr.  (8) 

It  is  difficult  to  obtain  nonoptically  active  biaxial  crystals 
of  good  optical  quality  satisfying  this  criterion.  For  this  ex¬ 
periment  an  aragonite  crystal  was  obtained15  with  a  finished 
length  of  0.95  cm  along  the  x  axis  of  the  crystal.  While  this 
is  not  sufficiently  long  to  satisfy  criterion  (8),  the  crystal  was 
of  high  optical  quality.  It  was  tabular  in  shape  and  slightly 
yellow  in  color.  Aragonite  (CaCO.j)  is  an  orthorhombic  crystal 
with  D2h  symmetry.  Its  indices  of  refraction  are  nx  =  1.530, 
ny  -  1.680,  and  nz  =  1.685.  The  optical  axis  is  9°  from  the  x 
axis.  The  crystal  axes  were  approximately  located  by  visual 
observation  of  the  isogyres  and  isochromates  of  the  two  optical 
axes.  Laue  back-reflection  x-ray  photography  was  used  to 
locate  the  crystal’s  x  axis  more  exactly  (to  within  2°).  Faces 
normal  to  the  x  axis  were  cut  and  polished.  , 

The  crystal  then  had  to  be  oriented  with  respect  to  the  in¬ 
cident  laser  beam’s  propagation  direction  and  polarization. 
A  Leitz  four-axis  universal  stage  was  chosen  for  this  purpose 
because  it  has  1/10  of  a  degree'  accuracy,  which  was  sufficient 
because  the  focused  laser  beam  had  an  angular  spread  of  a  few 
tenths  of  a  degree. 

The  crystal  was  mounted  on  the  u  stage  and  oriented  so  that 
the  stage’s  outermost  axis  was  parallel  to  the  crystal’s  y  axis. 
This  was  accomplished  by  adjusting  the  two  inner  degrees  of 
freedom,  a  tilt  and  a  rotation,  so  that  by  rotation  only  about 
the  outermost  axis,  the  conical  refraction  pattern  could  be 
observed  at  each  optical  axis;  the  orientation  of  the  cut  faces 
was  chosen  so  that  both  optical  axes  would  be  easily  accessible 
to  the  laser  beam.  The  u  stage  was  mounted  on  a  rotating 
stage,  which  allowed  the  y  axis  to  be  oriented  with  respect  to 
the  polarization  of  the  laser  beam. 

B.  Experimental  technique 

Figure  2  is  a  diagram  of  the  experimental  apparatus.  A 
6328  A  He-Ne  (Spectra  Physics  Model  119)  laser  was  operated 
in  the  TEM0o  mode  and  was  polarized  by  means  of  Brewster 


FIG.  2.  Experimental  setup  for 
linear  conical  refraction  studies. 
The  focal  lengths  of  the  lenses 
are:  LI,  10  cm;  L2,  5  cm;  and 
L3,  10  cm. 
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windows.  It  has  10-cm  hemispherical  cavity  with  the  curved 
mirror  at  the  output  end.  The  laser  beam  was  collimated  with 
a  10-cm-focal-length  lens  placed  immediately  outside  the 
resonator.  This  procedure  gave  a  beam  with  a  diffraction 
angle  d  =  X/irr o  =  0.5  X  10-3.  The  laser  beam  was  focused 
onto  the  front  surface  of  the  crystal  with  a  10-cm-focal-length 
lens  LI.  The  focal  spot  at  the  entrance  surface  or  the  exit 
surface  of  the  crystal  was  imaged  with  a  5-cm-focal-length 
lens,  L  2  onto  a  sheet  of  film  5  m  away,  giving  a  magnification 
factor  of  100. 

To  obtain  quantitative  photographs  of  the  diffraction 
patterns,  a  calibrated  density  wedge  was  exposed  on  each 
sheet  of  film.  This  was  necessary  due  to  variations  in  tem¬ 
perature  and  age  of  developer  which  produce  different  den¬ 
sities  on  identically  exposed  sheets  of  film.  The  wedge  was 
a  V2  in.  wide,  4  in.  long  Eastman  Kodak  Wratten  No.  96  con¬ 
tinuous  tone  neutral  density  wedge  with  a  nominal  0-3  optical 
density  (OD)  range.  The  wedge  was  calibrated  by  mounting 
it  on  a  translation  stage  and  moving  it  through  the  0.025- 
in.-diameter  focal  spot  of  a  6328  A  He-Ne  laser  beam;  the 
power  transmitted  through  the  wedge  was  measured  at  0.025 
in.  intervals.  To  allow  for  drifts  in  the  total  laser  output,  part 
of  the  beam  was  split  off  and  monitored  continuously  during 
the  calibration.  The  detectors  were  linear  for  at  least  three 
orders  of  magnitude  of  laser  intensity. 

The  contact  image  of  the  wedge  on  the  film  was  made  with 
a  slide  projector  fitted  with  a  shutter  and  placed  7  m  from  the 
wedge-film  sandwich.  This  arrangement  was  used  rather 
than  a  contact  printer  because  the  specular  optical  density  was 
to  be  imaged  rather  than  the  diffuse  density,  which  can  differ 
by  2%-4%.17  The  exposure  time  was  1/50  s,  the  same  as  that 
used  in  the  exposure  of  the  diffraction  patterns.  A  Corning 
3-71  filter  blocked  the  slide  projector’s  blue  light,  which  is 
outside  of  the  Wratten  No.  96  filter’s  neutrality  range.  The 
sensitivity  of  the  film  limits  the  effect  of  the  wedge’s  deviation 
from  neutrality  on  the  infrared  side,  and  the  Corning  3-71 
filter  does  the  same  on  the  blue  side  of  the  spectrum.  Be¬ 
tween  0.470  and  0.650  pm  the  departure  from  neutrality  is  0.05 
OD  at  1.0  OD.  At  0.5  OD  the  departure  is  0.025  OD,  and  at 
2.0  OD  it  is  0.1  OD.  Within  these  errors  the  optical  density 
of  the  film  is  equal  for  equal  exposures  of  slide  projector  and 
6328  A  He-Ne  laser  light.  Eastman  Kodak  Tri-X  4  X  5  in. 
sheet  film  was  used  exclusively.  Developed  with  Microdol-X, 
this  film  gave  a  useful  light  intensity  measurement  range  of 


three  orders  of  magnitude;  the  slope  of  its  H  and  D  curve17  was 
1.3.  The  waist  of  the  focal  spot  at  the  entrance  face  was 
measured  to  be  30  ±  1  /im  and  to  have  a  Gaussian  intensity 
profile. 

C.  Experimental  results 

Photographs  of  the  conical  refraction  diffraction  pattern 
were  taken  with  the  incident  laser  beam  polarized  both  par¬ 
allel  and  perpendicular  to  the  crystal’s  y  axis.  Typical  pho¬ 
tographs  are  shown  in  Fig.  3.  The  sensitivity  of  the  alignment 
was  similar  to  observations  previously  reported.2’18  Two- 
dimensional  isodensitometric  contour  maps19  of  two  photo¬ 
graphs  of  the  conical  refraction  diffraction  pattern  are  shown 
in  Figs.  4(a)  and  4(b).  Intensity  profiles  of  these  diffraction 
patterns,  made  in  our  laboratory  with  a  Siemens  strip  mi¬ 
crodensitometer  which  was  set  to  view  an  area  0.1  X  0.5  mm, 
are  shown  in  Figs.  5(a)  and  5(b).  Plotted  on  the  same  graphs 
are  the  theoretical  intensity  curves,  which  are  calculated  in 
the  next  section.  The  agreement  between  theory  and  ex¬ 
periment  is  good.  This  is  the  first  quantitative  experimental 
measurement  of  the  intensity  pattern,  within  the  experimental 
uncertainties  associated  with  optical  alignment  and  crystal 
imperfections. 

III.  QUANTITATIVE  COMPARISON  BETWEEN 
THEORY  AND  EXPERIMENT 

The  intensity  pattern  may  be  calculated  by  decomposing 
the  incident  field  into  plane  waves.  This  is  essentially  a 
two-dimensional  Fourier  transform  or  an  angular  spectrum 
representation  in  the  vicinity  of  the  optical  axis.  Lalor1011 
has  carried  this  procedure  out  for  the  case  that  the  z  axis  is 
normal  to  the  entry  surface.  We  have  done  the  calculation 
for  the  x  axis  normal  to  the  surface,  corresponding  to  our  ex¬ 
perimental  geometry.  We  are  in  general  agreement  with 
Lalor’s  results,  except  for  a  reversal  of  sign  in  his  Eqs.  (28c) 
and  (28d).  Furthermore,  we  have  expressed  our  results  in  the 
physically  meaningful  angles  6  and  0.  We  shall  not  present 
details  of  the  calculation,  as  the  final  result  can  be  put  in  a 
form  which  permits  a  simple  and  immediate  physical  inter¬ 
pretation.  The  field  distribution  at  the  exit  face  is  a  super¬ 
position  of  plane  waves,  one  for  each  polarization  at  a  given 
value  of  the  wave  normal  direction.  The  plane  waves  interfere 
to  give  an  electric  field  vector  with  components  along  ii,  y,  u 
as  follows: 


FIG.  3.  Internal  conical  refrac¬ 
tion  patterns  in  aragonite.  The 
polarization  of  the  incident  light  is 
parallel  to  the  u  direction  in  A  and 
to  the  y  axis  in  B. 
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FIG.  4.  Isodensitometric  map  of  the  conical  diffraction  patterns,  (a).  Incident  electric  field  vector  perpendicular  to  y  axis.  Background  OD  =  0.07;  max 
density  =  1.05;  OD  contour  interval  =  0.07;  intensity  contour  interval  =  0.07.  (b).  Incident  electric  field  vector  parallel  to  y  axis.  Background  OD  =  0.07; 
max  density  =  0.98;  OD  contour  interval  =  0.09;  intensity  contour  interval  =  0.09. 


[6y0  sinr;  sin(0+/2)  -  £+0  cos(</>+/2)] 


X  |cos((/>+/2),  sin(</>+/2),  [(o2  -  p2)/p2]  sin?;  cos?)  cos(<j>+/2)\ 

X  giav  +1  (sjX+Syy+s^)  d+  dd  +  d(p  + 

+  «2  J*  J"  [Gy0  sin?;  cos(0-/2)  +  <?70  sin(0— /2)] 

X  |-sin(0~/2),  cos($~/2),  —  [(o2  -  p2)/p2]  sinrj  cost;  sin((/>_/2)j 


Here  the  first  factor  in  the  integrand  gives  the  amplitude 
in  the  input  plane,  x  -  0,  for  the  appropriate  polarization  of 
the  ±  wave,  respectively,  for  each  direction  6,  <p.  The  term  in 
curly  brackets  gives  the  u,  y,  d  components  of  the  electric  field 
vector  for  each  wave  normal  direction  denoted  by  6,  cp.  The 
phase  factor  of  each  plane  wave  normal  mode  is  given  by  the 
exponential  where  s  is  to  be  expressed  in  terms  of  6,  (p  by 
means  of  Eq.  (4). 

The  incident  electric  field  has  the  following  i  =  y,z  com¬ 
ponents  for  a  Gaussian  beam  incident  along  the  optical  axis 
of  the  crystal: 

Ei(0,y,z)  =  E0ie~^2<'1~ty  cos2^)+y2l/^§  eikztV2  cos’’.  (10) 

The  Fourier  transform  of  the  electric  field  at  the  entrance 
surface  is 


6P 


i0 


-(£) 
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®  exp  j  -  (w/2c)2  wfieyid*)2 
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The  integrals  in  Eq.  (9)  may  be  evaluated  by  the  method 
of  stationary  phase.  This  procedure  is  discussed  by  Born  and 


X  eiuu  J(sxx  +  syy+sz z)  0-  dd~  dcp~.  (9) 


Wolf.16  An  analytic  result  in  closed  form  can  thus  be  ob¬ 
tained,  which  should  be  valid  only  in  the  far-field  limit  with 
x  =  L  satisfying  the  relation  (8). 


The  phases  in  the  integrands 

<l>±  =  wp^1  (sxx  +  syy  +  szz ) 
have  an  extremum  for 

d<t>±/du  =  d<t>±/dy  =  0. 


(ID 


(12) 


The  solutions  of  Eqs.  (11)  and  (12)  are  precisely  the  directions 
of  the  Poynting  vectors  t ±  given  by  Eq.  (5).  The  integrals  in 
Eq.  (9)  can  now  be  evaluated  for  the  Gaussian  distribution, 
Eq.  (10),  in  terms  of  the  second  derivatives  of  the  phase  at  the 
extremal  point, 

1  f  d2<E*d2<E*  /32»*\2i 

\dudy)  J" 


A+  = 


k2R2  L  du 2  dy2  \dudy 


(13) 


The  result  for  the  electric  field  at  a  point  t+R  =  t+R,  t+R,  t+R, 
which  may  be  chosen  on  the  exit  face  of  the  crystal,  R  =  L  sin?;, 
is  given  by 


Eaj,o(i+R) 


2iricj+ey 

I  A+ 1  kR 
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FIG.  5.  Intensity  profile  on  the  crystal  exit  face  along  the  u  direction, 
(a).  Incident  electric  field  vector  perpendicular  to  y  axis.  (b).  Incident 
electric  field  vector  parallel  to  y  axis. 

Here  4>+  and  A+  are  evaluated  for  the  angles  6  and  4>,  satisfying 
Eq.  (5).  The  number  o  +  is  given  by 

0+  =  +1  for  A+  >  0  and  d2$+/du2  >  0 

=  —  1  for  A+  >  0  and  d2<p+/du2  <  0 

=  —  i  for  A+  <  0. 


FIG.  7.  Intensity  profiles,  along  u  axis  with  incident  electric  field  vector 
perpendicular  to  y  axis,  for  three  crystal  lengths.  The  solid  lines  are  cal¬ 
culated  numerically  from  Eq.  (9),  with  w0  =  34  pm.  The  dashed  lines  result 
from  each  of  the  two  (±)  terms  separately,  (a).  L  =  1  cm.  (b).  L  =  3 
cm.  (c).  L  =  10  cm. 


FIG.  6.  Far-field  intensity  profiles  for  w0  =  34  pm.  Solid  lines  are  calculated  by  the  method  of  stationary  phase  [Eq.  (14)] .  Dashed  line  is  calculated  by 
numerical  integration  of  Eq.  (9)  for  L  =  10  cm.  (a).  Profile  along  the  Ci  axis  with  incident  electric  field  vector  perpendicular  to  y  axis.  (b).  Profile  along 
the  u  axis  with  incident  electric  field  vector  parallel  to  y  axis.  (c).  Intensity  profile  along  y  axis. 
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There  is  a  corresponding  expression  for  points  t  ~R  which  gives 
the  amplitude  outside  the  dark  circle.  The  intensity  profiles 
along  the  u  direction  and  along  the  y  direction  are  shown  as 
drawn  lines  in  Figs.  6(a),  6(b),  and  6(c).  They  correspond 
directly  to  the  diagram  in  Fig.  1(b).  In  the  far-field  approx¬ 
imation  no  interference  between  the  waves  traveling  with  v+ 
and  v~  occurs.  The  integrated  intensities  of  the  bright  rings 
on  either  side  of  the  Poggendorf  dark  circle  should  be  the 
same. 

The  experimental  results  show  distinct  deviations  from  this 
far-field  pattern  because  the  condition  (8)  is  not  satisfied.  A 
numerical  integration  of  Eq.  (9)  was  therefore  carried  out  for 
several  distances  x  =  1.0,  3,  and  10  cm,  with  the  following 
numerical  values:  X  =  632.8  nm,  w o  =  34  pm,  nx  =  1.530,  ny 
=  1.680,  and  nz  =  1.685. 

The  intensity  profiles  in  the  vicinity  of  the  point  u  = 
— 0.035L,  y  =  0  on  the  Poggendorf  circle  are  shown  for  the 
three  different  values  of  L  in  Fig.  7(a),  7(b),  and  7(c).  It  is 
clear  that  an  interference  between  the  ±  terms  in  Eq.  (10) 
occurs  in  the  near  field.  Each  term  separately  would  give  rise 
to  a  dashed  intensity  profile.  The  interference  is  destructive 
inside  the  circle  and  constructive  on  the  outside.  The  position 
of  minimum  intensity  (dark  ring)  is  also  shifted  toward  smaller 
values.  The  results  at  L  =  10  cm  are  nearly  the  same  as  those 
calculated  by  the  method  of  steepest  descent.  The  results  at 
L  =  0.95  cm  correspond  closely  to  the  experimental  results, 
as  shown  in  Fig.  5. 

The  detailed  results  of  the  numerical  calculation  are  in 
excellent  agreement  with  the  experimental  patterns.  A 
quantitative  verification  of  intensity  distributions  in  conical 
diffraction  patterns  has  been  achieved. 
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Tresent  address:  IBM  Thomas  J.  Watson  Research  Center,  York- 
town  Heights,  N.Y.  10598. 


JW.  R.  Hamilton,  “Third  Supplement  to  an  Essay  on  the  Theory  of 
Systems  of  Rays,”  Trans.  R.  Irish  Acad.  17, 1-144  (1833). 

2H.  Lloyd,  “On  the  Phenomena  Presented  by  Light  in  its  Passage 
along  the  Axes  of  Biaxial  Crystals,”  Trans.  R.  Irish  Acad.  17, 
145-157  (1833). 

3J.  C.  Poggendorf,  “Ueber  die  konische  Refraction,”  Ann.  Phys. 
(Leipz.)  48, 461-463  (1839). 

4W.  Voigt,  “Bemerkung  zur  Theorie  der  konischen  Refraction,”  Phys. 
Z.  6,  672-673  (1905);  “Nochmals  die  Theorie  der  konischen  Re¬ 
fraction,”  Phys.  Z.  6, 818-820  (1905). 

5M.  Born  and  E.  Wolf,  Principles  of  Optics,  5th  ed.  (Pergamon,  New 
York,  1975),  Chap.  14. 

6R.  W.  Ditchburn,  Light  (Interscience,  New  York,  1963),  Vol.  II,  Chap. 
16. 

7A.  J.  Schell,  “Laser  Studies  of  Linear  and  Second  Harmonic  Conical 
Refraction,”  Ph.D.  thesis  (Harvard  University,  1977)  (unpub¬ 
lished). 

8H.  Juretschke,  Crystal  Physics:  Macroscopic  Physics  of  Anisotropic 
Solids  (Benjamin,  New  York,  1974),  Vol.  3  of  the  Modern  Physics 
Monograph  Series. 

9D.  L.  Portigal  and  E.  Burstein,  “Internal  conical  refraction,”  J.  Opt. 
Soc.  Am.  59, 1567-1573  (1969).  (a)  D.  L.  Portigal  and  E.  Burstein, 
“Effect  of  optical  activity  or  Faraday  rotation  on  internal  conical 
refraction,”  J.  Opt.  Soc.  Am.  62,  859-864  (1972). 

10Eamon  Lalor,  “The  Angular  Spectrum  Representation  of  Electro¬ 
magnetic  Fields  in  Crystals:  II.  Biaxial  Crystals,”  J.  Math  Phys. 
13,  443-449  (1972). 

nfiamon  Lalor,  “An  Analytical  Approach  to  the  Theory  of  Internal 
Conical  Refraction,”  J.  Math.  Phys.  13,  449-454  (1972). 

12H.  Shih  and  N.  Bloembergen,  “Conical  Refraction  in  Second  Har¬ 
monic  Generation,”  Phys.  Rev.  184,  895-904  (1969). 

13W.  Voigt,  “Zur  Deutung  der  Erscheinungen  der  sogenannten  kon¬ 
ischen  Refraction,”  Neues  Jahrb.  Mineral  Geol.  Paleontol.  1,  35-46 
(1915). 

14A.  J.  Schell  and  N.  Bloembergen,  “Second  Harmonic  Conical  Re¬ 
fraction,”  Opt.  Commun.  21, 150-153  (1977). 

15Professor  C.  S.  Hurlbut,  Jr.  generously  loaned  this  crystal  to  us  from 
his  personal  collection. 

16See  Ref.  5,  Appendix  III. 

17SPSE  Handbook  of  Photographic  Science  and  Engineering,  edited 
by  Woodlief  Thomas,  Jr.  (Wiley,  New  York,  1973). 

18Sidney  Melmore,  “Conical  Refraction,”  Nature  151,  620-621 
(1943). 

19The  plates  were  evaluated  by  Photometries,  Inc.,  422  Marrett  Rd., 
Lexington,  Mass.  02173. 


238 


Laser  studies  of  internal  conical  diffraction.  II.  Intensity 
patterns  in  an  optically  active  crystal,  a-iodic  acid* 

A.  J.  Schell^  and  N.  Bloembergen 

Gordon  McKay  Laboratory,  Harvard  University,  Cambridge,  Massachusetts  02138 

(Received  13  March  1978) 

The  intensity  patterns  produced  by  a  Gaussian  (TEMoo  mode)  laser  beam  propagating  in  the  vicinity 
of  the  optical  axis  of  a-iodic  acid  have  been  photographed.  Densitometric  profiles  for  different  polari¬ 
zation  conditions  have  been  obtained.  The  theory  of  Portigal  and  Burstein  has  been  extended  to 
permit  a  quantitative  comparison  between  theory  and  experiment  for  conical  refraction  in  noncen- 
trosymmetric  crystals. 


I.  INTRODUCTION 

Theoretical  and  experimental  aspects  of  a  quantitative 
determination  of  intensity  patterns  of  conical  refraction  for 
aragonite  have  been  presented  in  an  earlier  paper  in  this  se¬ 
ries.1  In  this  second  part  we  extend  both  theory  and  experi¬ 
ment  to  intensity  patterns  in  a-iodic  acid,  which  unlike  ara¬ 
gonite,  is  non-centrosymmetric.  The  presence  of  natural 
optical  activity  has  a  profound  influence  on  the  pattern  of 


conical  refraction.  Early  theoretical  discussions  were  given 
by  Weder2  and  Drude.3  More  recently  Portigal  and  Burstein4 
have  given  a  more  elaborate  theoretical  treatment.  Their 
choice  of  polar  coordinates  6  and  4>  with  respect  to  the  optical 
axis  has  been  adopted  here.  In  Sec.  II  the  field  and  Poynting 
vectors  for  an  optically  active  crystal  are  calculated  in  terms 
of  the  corresponding  vectors  in  a  centrosymmetric  crystal. 
This  procedure  yields  the  ray  optics  in  the  vicinity  of  the  op- 


1098  J.  Opt.  Soc.  Am.,  Vol.  68,  No.  8,  August  1978  0030-3941/78/6808-1098$00.50  ©  1978  Optical  Society  of  America  1098 


239 


tical  axis  of  an  optically  active  crystal  in  a  straightforward 
manner. 

Since  the  work  of  Voigt5  near  the  beginning  of  this  century, 
no  experimental  studies  of  conical  refraction  in  non-centro- 
symmetric  crystals  have  been  reported.  In  Sec.  Ill  results  are 
presented  of  densitometric  profiles  at  the  exit  face  of  a  crystal 
of  a-iodic  acid,  when  a  Gaussian  beam  at  632.8  nm  (TEMoo 
mode  of  a  He-Ne  laser)  is  incident  in  the  vicinity  of  the  optical 
axis. 

In  Sec.  IV  a  quantitative  comparison  between  theory  and 
experiment  will  be  presented.  The  organization  of  this  paper 
is  similar  to  that  of  I,  and  where  possible  the  same  notation 
will  be  used. 

II.  RAY  OPTICS  IN  THE  VICINITY  OF  THE 
OPTICAL  AXIS  OF  A  BIAXIAL  CRYSTAL  WITH 
NATURAL  OPTICAL  ACTIVITY 

The  case  of  most  interest  is  where  the  natural  optical  ac¬ 
tivity  is  small  compared  to  the  optical  anisotropy  parameter 
A  of  conical  refraction.  The  apex  angle  of  the  cone  in  the 
absence  of  optical  activity  is 

P  =  2A  =  [GJ1  -  €~1)/€~1](sin277)/2,  (1) 

The  angle  17  between  the  optical  axis  and  the  z  axis  is  given 
by 

i]  =  arctan  [(ej1  -  1)/(«“1  -  (2) 

The  optical  rotary  power  for  a  wave  normal  s  parallel  to  the 
optical  axis  is  given  by 

f  =  7m-3/2(s‘ .  r)/\0,  (3) 

where  T  is  the  gyrotropy  vector.6  The  numerical  data  for 
a-iodic  acid,  given  in  Sec.  Ill,  are  such  that  (s-T)M  =  0.56  X 


FIG.  1 .  Direction  of  the  Poynting  vector  t-i ,  as  a  function  of  the  polar  angles 
8  and  4>  of  the  wave  normal.  Circle  a  for  6  =  10~4;  b  for  8  =  10-3;  c  for 
8  =  2  X  10-3;  and  d  for  6  =  10-2.  The  dashed  circles  would  have  been 
obtained  in  the  absence  of  natural  activity,  s  •  T  =  0. 

1099  J.  Opt.  Soc.  Am.,  Vol.  68,  No.  8,  August  1978 


10-3.  Introduce  the  polar  coordinates  8  and  0  of  s  with  re¬ 
spect  to  the  optical  axis,  as  was  shown  in  Fig.  1  of  I.  Three 
domains  of  6  may  be  distinguished,  each  with  different  char¬ 
acteristics  of  the  field  polarization  and  Poynting  vectors.4  In 
what  follows,  the  term  “cone”  refers  to  the  cone  of  Poynting 
vectors  for  s  along  the  optical  axis  in  the  absence  of  natural 
optical  activity. 

The  first  domain  of  6  is  defined  by 

8  <  ty(s-  f)/8A.  (4) 

These  are  the  wave  vectors  very  close  to  the  optical  axis.  Here 
the  light  is  nearly  circularly  polarized  and  the  Poynting  vectors 
are  directed  nearly  parallel  to  the  center  of  the  cone. 

The  second  region  corresponds  to  a  moderately  focused 
beam  with 

8  <  [5(s-  f)M]«y.  (5) 

The  modes  are  elliptically  polarized  and  the  Poynting  vectors 
are  concentric  with  and  inside  the  cone.  If  linearly  polarized, 
this  beam  produces  a  spiral  intensity  pattern  because  of  the 
way  in  which  the  two  electromagnetic  modes  interfere. 

The  third  region  is  defined  by 

A>  8>  [5(s  •  f)/A)ty.  (6) 

In  this  situation  the  field  pattern  is  similar  to  that  which  would 
exist  in  the  absence  of  natural  optical  activity.  The  center 
of  the  cone  is  dark.  The  apparent  apex  angle  of  the  cone  is, 
however,  somewhat  smaller  than  2 A. 

The  constitutive  relations  for  an  optically  active  crystal 
are6 

E  =  e_1D  —  i(T  X  D) 

and 

B  =  H. 

The  Fresnel  equation  for  the  phase  velocity  for  a  prescribed 
direction  of  the  wave  normal  is2*3 

Vp  -  vl(Vp+  +  Up-)  +  Up+Dp-  -  c4(s  •  D2  =  0,  (7) 

where  up+  and  vp-  are  the  solutions  in  the  absence  of  optical 
activity,  given  by  Eq.  (6)  in  I.  The  two  phase  velocities  are 
now  given  by 

u2  x,2  =  Vy  -  [(Oj  —  u\)/2 \8  sin2r;  cos<)> 

=f  [(uf  —  u\)282  sin2277  +  4c4(s  •  r)2]1/2.  (8) 

For  T  —*■  0,  vP2  vp+  and  vp\  — *•  vp~.  In  this  limit  the  corre¬ 
sponding  electric  displacement  vectors  are  linear,  <3+  and 
For  T  5^  0,  the  unit  vectors  for  the  electric  displacement  are, 
in  general,  elliptical.  They  may  be  written  as  linear  combi¬ 
nations 

<3 1  =  a\cl+  +  0id~, 

(?2  =  0-2  3+  +  (9) 

Disregarding  terms  proportional  to  8Ti  in  the  above  equation, 
the  normalized  coefficients  are 

ai  =  i  sin(5/2),  di  =  cos(<5/2), 
a2  =  i  cos(5/2),  02  =  -sin(6/2),  (10) 
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FIG.  2.  Direction  of  the  Poynting  vector  f2,  as  a  function  of  6  and  <p.  Circle 
a  for  6  =  10~4;  b  for  6  =  1CT3;  c  for  9  =  3  X  1(T3;  d  for  6  =  5  X  10-3;  e 
for  9  =  7.5  X  10-3.  Dashed  circles  would  have  been  obtained  in  the  ab¬ 
sence  of  natural  activity. 

where  the  angle  5  is  defined  by 

cos5  =  p9/[p292  +  ey(s  ■  D2]1/2.  (11) 

The  ellipticity  is  given  by  tan(5/2)  and  is  therefore  indepen¬ 
dent  of  the  azimuthal  angle  <p. 

The  Poynting  vectors  belonging  to  these  two  eigenmodes 
are  best  visualized  in  the  u,  y,  v  coordinate  system,  as  ae- 


FIG.  3.  Ellipticity  as  a  function  of  Poynting  vector  directions.  The  small 
letters  a,  b,  and  c  mark  the  points  where  0  is  0  and  9  is  0.001,  0.05,  and 
0.01,  respectively. 
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scribed  in  I.  The  0  direction  is  parallel  to  the  optical  axis. 
The  directions  of  the  Poynting  vectors  for  the  two  modes  are 


to  a  sufficient  approximation  given  by 

tiu/tiv  =  (p/2)(-l  +  cos5  cos <p)  +  9  COS0,  (12) 
~  tiy/hv  =  (p/2)  cos5  sin$  +  9  sirup,  (13) 

t2u/t2u  =  (p/2)(-l  -  cos<5  COS0)  +  6  cos <p,  (14) 

and 

t2y/t2v  ~  —  (p/ 2)  cos6  sin cp  +  9  sin0.  (15) 


When  5  is  zero,  these  equations  reduce  to  Eqs.  (5a)  and  (5b) 
in  I  for  centrosymmetric  crystals.  Terms  of  order  (s-T)  and 
9(i>x  ~  V;)  have  been  omitted.  More  detailed  derivations  and 
complete  expressions  may  be  found  in  a  Ph.D.  thesis  by  one 
of  the  authors.7 

In  Fig.  1  the  direction  of  the  Poynting  vector  1 1  is  plotted 
for  several  values  of  9.  Similar  data  for  t2  are  shown  in  Fig. 
2.  The  heavy  continuous  ring  R  denotes  the  dark  cone  in  the 
absence  of  optical  activity.  For  T  ^  0,  both  t\ and  f2  for  9  = 
0  are  directed  into  the  center  of  the  cone;  this  is  represented 
by  the  solid  circle  a  in  the  center  of  the  ring  R  in  each  figure. 
As  6  increases,  t\  steadily  moves  to  the  outside  of  R.  The 
behavior  of  t2  is  more  complex.  It  first  moves  outward,  but 
it  returns  to  the  center  of  R  when  it  is  dominated  by  t+.  As 
in  the  centrosymmetric  crystal,  the  two  Poynting  vectors  lie 
on  the  same  (extended)  diameter  of  the  ring  R ;  the  pattern  of 
the  Poynting  vector  components  is  radial  and  azimuthal  in  9 
and  (p.  The  double-ended  arrows  show  the  direction  of  the 
major  axis  of  the  polarization  ellipse;  it  coincides  with  the 
direction  of  the  polarization  in  the  absence  of  optical  activity. 
In  Fig.  3  the  ellipticity  is  shown  as  a  function  of  t\u/t\u  and 
t2u/t2w  Figure  4  shows  the  dependence  of  t\u/t\v  and  t2u/t2v 
on  9.  The  dashed  lines  show  the  same  dependence  when  f  = 
0.  If  the  optical  activity  parameter  were  larger  (but  still  much 
smaller  than  A),  then  the  Poynting  vectors  would  move  more 
slowly  from  the  center  of  the  conical  refraction  cone  as  9  be¬ 
came  larger. 

III.  EXPERIMENTAL  RESULTS  FOR  a-IODIC  ACID 

A.  Sample 

a-iodic  acid  was  chosen  because  large  crystals  can  be  grown, 
several  centimeters  on  a  side,  and  because  the  cone  angle  at 
632.8  nm  wavelength  is  relatively  large.  The  principal  values 
of  the  refractive  index8  and  the  optical  rotary  power9  near  600 
nm  are  listed  in  Table  I.  Since  the  crystal  has  orthorhombic 
symmetry  (222),  the  principal  axes  of  the  dielectric  tensor 
coincide  with  the  crystallographic  axes.  From  Eqs.  (1)  and 
(2)  one  derives  a  value  for  the  cone  apex  angle  2 A  =  3.5°  and 
the  angle  77  =  66.5° .  The  same  material  has  also  been  used  by 
us  to  demonstrate  second  harmonic  conical  refraction.10  Two 
crystals  were  donated  to  us  by  Dr.  Sidney  G.  Parker11  of  Texas 
Instruments,  Physical  Sciences  Research  Laboratory.  The 
larger  one  of  these  had  a  length  of  1.4  cm  along  the  optical  axis 
after  cutting  and  polishing.  Roy  M.  Leavesley  of  Isomet 
Research  Corporation  donated  the  third  crystal,  which  had 
a  length  of  4  cm  along  the  optical  axis  after  cutting  and  pol¬ 
ishing. 

The  approximate  location  of  the  crystal  axes  was  known 
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t|u  ^2U 
t|V  ’  1 2v 

FIG.  4.  Poynting  vector  directions  as  a  function  of  6,  for  <p  =  0  and  7r,  re¬ 
spectively.  The  dashed  lines  would  have  been  obtained  in  the  absence 
of  natural  activity. 


TABLE  I.  Refractive  index8  and  optical  rotary  powerb  of 
CX-HIO3. 


X  (nm) 

nz 

Tly 

nx 

f  (degree/mm) 

436 

74.5 

546 

58.7 

579 

50.5 

600 

1.9922 

1.9665 

1.8409 

650 

1.9812 

1.9571 

1.8352 

•See  Ref.  8. 
bSee  Ref.  9. 

from  the  crystal  faces.  The  two  opposite  faces  which  were 
thought  to  contain  an  optical  axis  were  polished,  and  obser¬ 
vation  of  the  isochromates  and  isogyres  confirmed  the  original 
guess.  The  crystals  were  more  exactly  oriented  using  Laue 
x-ray  back  reflection  photography.  The  x  axis  and  z  axis  were 
located  (to  about  2°),  and  the  crystal  was  oriented  so  that  it 
could  be  rotated  about  the  y  axis.  The  crystal  was  then  ro¬ 


tated  the  proper  number  of  degrees  from  the  2  axis,  and  faces 
were  cut  normal  to  the  optical  axis  with  a  diamond  blade. 
This  is  how  both  crystals  from  Texas  Instruments  were  han¬ 
dled.  However,  this  procedure  was  catastrophic  for  the  Iso- 
met  crystal,  causing  it  to  fracture.  The  diamond  blade  creates 
many  minute  surface  fractures,  and  during  polishing  these 
fractures  may  propagate.  In  this  case,  the  crystal  fractured 
when  the  AI2O3  polishing  compound  was  blown  off  the  crystal 
with  nitrogen  gas.  To  salvage  the  crystal,  the  fractured  parts 
were  cut  off  on  a  string  saw  using  polyester  and  cotton  sewing 
thread  and  water  as  a  solvent.  The  most  satisfactory  way  of 
polishing  the  crystal  was  found  to  be  polishing  the  rough  and 
unevenly  cut  crystal  with  0.3  pm  alumina  abrasive  on  a  fine 
polish  Supreme  PS  lap  very  slightly  dampened  with  ethylene 
glycol.  Within  a  few  minutes  the  crystal  has  as  good  a  polish 
as  could  be  expected.  Because  the  crystal  was  oriented  on  the 
saw  by  eye  and  the  surface  cut  by  the  saw  is  uneven,  the  nor¬ 
mal  to  the  polished  surface  made  an  angle  of  about  5°  with 
respect  to  the  y  axis  and  5°  with  respect  to  the  6328  A  optical 
axis.  The  finished  length  was  2.4  cm. 

B.  Experimental  results 

The  experimental  arrangement  was  the  same  as  that  de¬ 
scribed  in  I.  The  conical  refraction  patterns  for  a-iodic  acid 
were  obtained  in  the  same  manner  as  the  patterns  for  arago¬ 
nite.1  The  observed  patterns  are  shown  in  Figs.  5-9.  In  Fig. 
5(a)  and  5(b),  the  incident  polarization  of  the  beam  was  per¬ 
pendicular  and  parallel  to  the  y  axis,  respectively;  the  beam 
waist  was  60  pm,  and  the  crystal  length  was  1.4  cm.  Figures 
6, 7,  and  8  show  diffraction  patterns  for  a  beam  waist  of  30  pm 
and  a  crystal  length  of  2.5  cm.  Here  the  beam  is  sufficiently 
focused  so  that  the  two  electromagnetic  modes  shown  in  Figs. 
1  and  2  interfere  to  produce  the  spiral  patterns  shown  in  Fig. 
7.  The  incident  polarization  is  perpendicular  and  parallel  to 
the  y  axis  in  Fig.  6(a)  and  6(b),  respectively.  In  Fig.  7  the 
incident  polarization  is  parallel  to  the  y  axis;  an  analyzer  is 
oriented  perpendicular  and  parallel  to  the  y  axis  in  7(a)  and 
7(b),  respectively.  In  Fig.  8  the  incident  polarization  is  per¬ 
pendicular  to  the  y  axis;  an  analyzer  is  oriented  perpendicular 


FIG.  5.  Conical  refraction  pattern  for  a-iodic  acid,  (a)  Incident  E  field  perpendicular  to  y  axis;  (b)  Incident  E  field  parallel  to  y  axis.  Crystal  length  1 .4  cm, 
incident  Gaussian  spot  size  w0  =  60  pm,  magnification  102. 
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FIG.  6.  Same  as  Fig.  5,  but  now  crystal  length  is  2.5  cm,  w0  =  30  jim,  and  magnification  72. 


and  parallel  to  the  y  axis  in  8(a)  and  8(b),  respectively.  Fig¬ 
ures  9(a)  and  9(b)  show  the  conical  refraction  pattern  of  a 
more  tightly  focused  beam.  Here  most  of  the  energy  in  the 
beam  is  associated  with  wave  vectors  with  a  large  0.  In  this 
third  regime  the  Poynting  vectors  of  the  two  modes  are  suf¬ 
ficiently  far  apart  that  no  interference  between  the  electric 
fields  associated  with  tj  and  t2  occurs  at  the  exit  face  of  the 
crystal  (compare  Fig.  4).  The  data  in  Fig.  6  were  taken  with 
a  better  optical  quality  crystal  than  those  in  the  other  fig¬ 
ures. 


Densitometric  tracings  along  the  u  axis  of  the  patterns  were 
made  of  Figs.  7(a)  and  7(b),  8(a)  and  8(b),  and  9(b);  these 


tracings  are  shown  by  the  solid  lines  in  Figs.  10-13.  Their 
spiky  aspect  is  due  to  poor  surface  quality,  which  is  easily 
noticed  in  the  corresponding  photographs.  The  dashed-line 
curves  in  these  figures  are  the  theoretical  profiles  which  are 
calculated  in  Sec.  IV.  This  theory  is  unable  to  give  a  good 
intensity  prediction  when  the  derivative  of  6  with  respect  to 
tiu/tiv  becomes  very  large  (compare  Fig.  4);  these  regions  of 
u/L  are  denoted  by  the  letter  D.  Since  the  predicted  intensity 
profile  in  the  D  marked  regions  is  rapidly  varying,  the  theo¬ 
retical  curve  is  only  roughly  indicated.  The  theory  adequately 
accounts  for  the  overall  shape  of  the  pattern,  but  it  is  not 
possible  to  verify  a  quantitative  agreement  with  the  same 
precision  as  in  the  centrosymmetric  case  of  aragonite. 


FIG.  7.  Same  as  Fig.  6(b).  The  incident  E  field  is  parallel  to  the  y  axis.  The  polarization  of  the  transmitted  light  is  analyzed:  (a)  perpendicular  to  the 
y  axis;  (b)  parallel  to  the  y  axis. 
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FIG.  8.  Same  as  Fig.  6(a).  The  incident  field  is  perpendicular  to  y  axis,  (a)  Transmitted  field  is  perpendicular  to  y  axis;  (b)  transmitted  field  is  parallel 
to  y  axis. 


IV.  THEORETICAL  CALCULATION  OF  THE 
CONICAL  DIFFRACTION  PATTERN 

The  intensity  distribution  of  the  conical  refraction  pattern 
in  a  non-centrosymmetric  crystal  may  be  obtained  in  a  manner 

I 

,  /.  .  5  0  5  .  <fi 

e\  -  ( i  sin  -  cos - cos  -  sin  -  , 

V  2  2  2  2 

and 

/.  5  <t>  .  5  .  0 

V  2  2  2  2 


In  these  equations  terms  of  order  r  have  again  been  ignored 
The  incident  field  is  expanded  in  these  polarization  eigen - 
modes.  The  modes  are  recombined  at  the  exit  surface  to  give 
the  components  of  the  field  in  the  u  and  y>  direction  there.  At 


FIG.  9.  Conical  refraction  pat¬ 
tern  for  tightly  focused  incident 
beam.  Crystal  length  2.5  cm, 
spot  size  kv0  =  12  nm,  magnifi¬ 
cation  30.  (a)  Incident  E  field 

perpendicular  to  y  axis;  (b)  inci¬ 
dent  E  field  parallel  to  y  axis. 
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similar  to  that  used  in  I  for  centrosymmetric  crystals.  The 
incident  field  is  expanded  in  plane  waves  forming  a  two- 
dimensional  angular  spectrum.  The  electric  field  modes  may 
be  derived  from  the  unit  displacement  vector  Eq.  (9)  and  have 
the  following  components  in  the  uyv  coordinate  system, 

5  .  0  5  <P 

i  sin  -  sin  — I-  cos  -  cos  —  , 

2  2  2  2 


5.0  5  <j> 

i  cos  -  sm - sin  -  cos  — , 

2  2  2  2 

I - 

the  point  with  coordinates  Ru,  Ry,  and  Ru  =  L  on  the  exit 
surface,  the  electric  field  may  be  expressed  as  the  sum  of  two 
integrals  (one  for  each  eigenmode  of  polarization), 


°)  (16) 

°)  (17) 
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FIG.  10.  Intensity  profile  along  u  axis  for  geometry  of  Fig.  7(a).  The 
dashed  curve  is  calculated  from  the  theory. 

J’  ir/2  s*  2ir  f"  /  &  (f)  5  .  (p\ 

I  I  <?vo  (  cos  -  cos - i  sin  -  sin  — ) 

o  Jo  L  y  \  2  2  2  2/ 

+  ‘S’uO  (~ i  sin  —  cos - i  sin  -  cos  — ^  1  eiei(w/upi)(s-R)0  dd  d<p 

\  2  2  2  2/J 

ir/2  2ir  T  5  <t>  ft  .  <t>\ 

I  <?vo  (  —  i  sin  -  cos - i  cos  -  sin  — ) 

o  Jo  L  y  V  2  2  2  2/ 


/  .  5  .  4>  5  (/>\  "I 

+  (S’uo  ( sin  -  sin - i  cos  -  cos  -  1 

\  2  2  2  2/J 

X  e2cl(“/Up2)W'R)^  dd  d<t>.  (18) 


FIG.  1 1 .  Intensity  profile  along  u  axis  for  geometry  of  Fig.  8(a).  The 
dashed  curve  is  calculated  from  the  theory. 


FIG.  12.  Intensity  profile  along  u  axis  for  geometry  of  Fig.  8(b).  The 
dashed  curve  is  calculated  from  the  theory. 

The  components  of  the  incident  field  for  a  Gaussian  beam, 
linearly  polarized  in  the  u  or  y  direction,  respectively,  are 

<?;o  =  Ei0(k/2ir)2  Wqtt  exp[-)e2ti;o«y^2/4],  i  =  u,y  (19) 

where  wq  is  the  minimum  beam  spot  size,  focused  at  the  entry 
crystal  face.  d?,-0  is  obviously  the  Fourier  angular  spectral 
transform  of  the  input  spot. 

Evaluation  of  Eqs.  (18)  and  (19)  is  not  as  straightforward 
as  the  analogous  Eqs.  (9)  and  (10)  in  I  for  centrosymmetric 
crystals.  Numerical  integration  of  those  equations  was  pos¬ 
sible  because  the  phase  factor  in  the  integrand  was  known 
exactly;  moreover,  the  far-field  calculations  were  simple  be- 


-0.02  -0.01  0.00  0.01  0.02 
u/L 


FIG.  13.  Intensity  profile  along  u  axis  for  geometry  of  Fig.  9(b).  The 
dashed  curve  is  calculated  from  the  theory. 
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cause  no  two  Poynting  vectors  coincided.  Neither  of  these 
two  conditions  is  true  in  an  optically  active  crystal.  The 
constitutive  relation  is  known  only  to  first  order  in  (s-f),  and 
terms  proportional  to  0(s-r)  were  neglected  in  the  calculation 
of  the  refractive  index.  The  contribution  of  these  terms  to 
the  phase  at  the  exit  surface  of  a  2.5  cm  crystal  is 

kRAn  s  50. 

For  a  focused  beam  whose  Fourier  transform  has  a  significant 
amplitude  for  0  <  0.01,  this  phase  error  would  produce  an  error 
of  less  than  5%  in  the  electric  field  amplitude.  In  order  to 
obtain  an  intensity  distribution  from  Eq.  (18)  by  the  method 
of  stationary  phase,  the  two  or  three  contributions  to  the 
electric  field  at  R,  which  arise  from  those  wave  normals  s 
whose  associated  Poynting  vector  coincide  with  R,  must  be 
summed. 

The  Poynting  vectors  as  a  function  of  wave  vector  coordi¬ 


nates  are  obtained  from  the  stationarity  of  the  phases 

dvP‘1(§  '  R)  =  -  P‘1(S  '  R)-  =  0,  (i  =  1,2)  (20) 

du  dy 

which  have  the  solutions  given  by  Eqs.  (12)-(15),  if  terms 
proportional  to  (s-f  )2 3 4 5 6 7 8 9 10  and  9A 2  sin2<5  are  neglected  (compare 
Fig.  4).  This  approximation  causes  additional  errors  in  the 
phase  of  the  integrals,  which  is,  however,  estimated  to  be  less 
than  10~2  rad.  More  serious  is  the  fact  that  the  wave  normal 
directions  cannot  be  calculated  with  a  precision  of  the  required 
five  decimal  places,  when  the  slope  of  6  vs  t2u/t2v,  shown  in 
Fig.  4,  approaches  infinity. 

Evaluation  of  the  field  by  the  method  of  steepest  descent 
leads,  in  general,  to  three  terms,  since  Fig.  4  shows  that  there 
may  be  two  directions  02  and  02  f°r  given  Poynting  vector  1 2. 
Denoting  the  three  possible  wave  vector  directions  by  Si,  s2, 
and  s2  with  polar  angles  0,0,  02,02  and  02,02,  the  field  at  the  exit 
face  may  be  written  in  the  form, 
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(21) 


.,k  A  contains  the  second  derivatives  of  the  phases 
cF$  02$  _  /  92<f>  \  24  1  ' 

du2 dy2  \du  dy)  J  k2R2 

evaluated  at  the  respective  directions  0i,0i,  02,0 2,  and  02,02. 
The  values  of  a  are  a\  —  —  1,  <x2  =  +1  and  <r2  =  —  i. 

It  must  be  pointed  out  that  the  relative  phases  of  the  con¬ 
tributions  in  Eq.  (21)  are  extremely  sensitive  to  the  choice  of 
the  optical  rotary  power,12  as  the  phase  difference  of  two 
modes  near  the  optical  axis  is  proportional  to  2irfL,  given  by 
Eq.  (3).  The  calculated  profiles  for  an  adjusted  reasonable 
value  s-r  =  1.68  X  10-5,  and  L  =  2.5,  nx  =  1.836,  ny  =  1.958, 
and  nz  =  1.984  yielded  the  profiles  indicated  by  the  dotted 
lines  in  Figs.  10-13.  They  reproduce  the  dominant  features 
of  the  observed  spiral  patterns.  The  sharper  experimental 
variations  from  the  smoother  theoretical  pattern  are  un¬ 
doubtedly  due  to  optical  inhomogeneitjes,  mostly  resulting 
from  polishing  marks  on  the  soft  surface. 

To  our  knowledge  this  is  the  first  time  that  such  a  com¬ 
parison  has  been  made  for  conical  refraction  in  optically  active 
crystals.  A  semi-quantitative  agreement  between  theory  and 
experiment  has  been  demonstrated. 

*This  work  was  carried  out  in  partial  fulfillment  of  the  requirements 
of  the  Ph.D.  degree  at  Harvard  University,  and  supported  by  the 
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75-C-0648. 
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The  phenomenon  of  nonlinear  conical  refraction  in  a  noncentrosymmetric  biaxial  crystal  is  investigated 
experimentally.  Both  free  and  forced  second-harmonic  cones  are  observed,  depending  on  whether  the  incident 
laser  pulse  has  wave  normals  encompassing  the  optic  axis  at  the  second-harmonic  or  the  fundamental 
frequency,  respectively.  The  photographically  recorded  second-harmonic  intensity  patterns  at  the  wavelengths 
of  0.53  and  0.42  p.m  are  in  good  agreement  with  theoretical  predictions. 


I.  INTRODUCTION 

This  is  the  third  and  final  paper  in  a  series  of 
laser  investigations  of  intensity  patterns  in  coni¬ 
cal  refraction.  Quantitative  intensity  distributions 
for  conical  refraction  were  obtained  with  Gaussian 
TEM00  mode  of  a  helium-neon  beam  in  aragonite1 
and  a-iodic  acid.2  The  latter  crystal  is  noncentro¬ 
symmetric,  and  if  an  intense  laser  input  beam  is 
used,  second-harmonic  radiation  is  readily  observ¬ 
able  also  in  non- phase- matched  conditions. 

It  was  predicted  nearly  a  decade  ago,3’4  that  the 
second- harmonic  intensity  can  also  show  a  coni¬ 
cal  pattern,  if  the  wave  normals  of  the  fundamental 
beam  are  in  the  immediate  vicinity  of  an  optic  axis 
at  the  fundamental  and/or  second- harmonic  fre¬ 
quency.  A  short  communication  by  the  present 
authors  of  the  first  experimental  demonstration  of 
nonlinear  conical  refraction  was  recently  pub- 


FIG.  1.  Geometry  of  the  experiment,  x,  y,  z  are  the 
crystallographic  axes  of  the  orthorhombic  crystal, 
a—  HI03.  The  optic  axis  v  is  normal  to  the  entry  face. 

The  incident  fundamental  is  polarized  in  the  u  direction, 
the  second-harmonic  polarization  is  along  the  y  axis. 

The  wave  normal  s  of  all  waves  makes  a  small  polar 
angle  8  with  the  optic  axis;  its  azimuthal  angle  <t>  is  mea¬ 
sured  from  the  u  axis. 


lished. 5  It  is  the  purpose  of  this  paper  to  describe 
more  fully  the  experimental  method  and  results, 
and  also  to  make  a  detailed  comparison  with  the 
theory.  The  notation  and  coordinate  reference  sys¬ 
tem  used  will  be  the  same  as  that  adopted  in  I  and 
n.  The  optic  axis  is  in  the  v  direction,  normal  to 
the  crystal  face  which  contains  the  y  axis,  asso¬ 
ciated  with  the  intermediate  principal  value  e y=n2 
of  the  dielectric  constant.  The  fundamental  laser 
beam  is  near  normal  incidence.  The  interest  is 
in  wave  normals  s  nearly  parallel  to  the  optic  axis. 
The  polar  angle  between  s  and  v  is  8,  the  azimuth¬ 
al  angle  cp  is  measured  from  the  u  axis,  as  indi¬ 
cated  in  Fig.  1.  The  incident  laser  beam  is  polar¬ 
ized  parallel  to  the  u  axis.  It  will  be  shown  in  Sec. 
II  that  the  second- harmonic  polarization  induced  in 
the  crystal  is  then  parallel  toy.  To  satisfy  the 
boundary  conditions  in  the  crystal  face6  at  the  sec¬ 
ond-harmonic  frequency,  there  will  be  a  free  sec¬ 
ond-harmonic  plane  wave  also  polarized  in  the  y 
direction,  in  addition  to  the  forced  polarization 
wave.  The  latter  is  confined  to  those  regions  of 
the  crystal  in  which  there  is  fundamental  field  in¬ 
tensity.  If  the  wave  normals  of  the  incident  wave 
contain  the  direction  of  the  optic  axis  at  the  funda¬ 
mental  frequency,  this  intensity  will  be  distributed 
in  a  conical  pattern;  i.  e. ,  there  will  be  a  forced 
second- harmonic  cone.  If  the  dispersion  in  the 
direction  of  the  optic  axes  is  sufficiently  large,  the 
free  harmonic-wave  vectors  will  not  contain  the 
direction  of  the  second-harmonic  optic  axis.  Thus 
the  energy  associated  with  the  free-wave  mode  will 
be  refracted  in  a  single  spot.  This  situation  is 
shown  in  Fig.  2. 

If  the  incident  laser  beam  has  a  bundle  of  wave 
normals  that  contains  the  second- harmonic  optic 
axis,  the  free-wave  solution  gives  rise  to  a  free 
second- harmonic  conical  intensity  pattern.  The 
fundamental  intensity  is  now  confined  to  a  single 
ray,  as  the  fundamental  optic  axis  is  not  contained 
in  the  wave- normal  bundle.  Consequently,  the 
forced  second- harmonic  wave  gives  rise  to  a 
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FIG.  2.  Forced  second-harmonic  conical  fraction.  The 
fundamental  wave  vector  is  parallel  to  the  fundamental 
optic  axis.  The  free  second  wave  leads  to  a  separate 
ray  direction. 


forced  ray  spot,  as  shown  in  Fig.  3. 

The  apex  angle  of  the  cone  is  given  by 

tanp  =eJI[(e"1  -  e;1)^1  -  e;‘)]1/2,  (1) 

where  ex<ey<e£  and  where  the  principal  values  of 
e  at  the  fundamental  frequency  have  to  be  used  for 
the  forced  cone,  and  those  at  the  second- harmonic 
frequency  for  the  free  cone. 

The  condition  that  indeed  a  conical  pattern  with 
a  dark  center  is  observed  requires  the  following 
condition  on  the  waist  w0  of  the  incident  Gaussian 
spot  and  the  thickness  of  the  crystal,1 

w2(L)  =w\[\  +  (X.L/ TTM>2eJ/2)2]  <  (Lp/2)2.  (2) 

The  additional  complications  that  arise  from  the 
presence  of  natural  optical  activity,  which  is  al¬ 
ways  present  in  biaxial  noncentrosymmetric  crys¬ 
tals,  have  been  investigated  in  detail  in  II.  If 
most  of  the  intensity  is  associated  with  polar  an¬ 
gles  6  satisfying  the  condition, 

ip>0>lO(s.f)ey/p  (3) 


FIG.  3.  Free  second-harmonic  conical  refraction. 

The  fundamental  wave  vector  is  parallel  to  the  second- 
harmonic  optic  axis.  The  forced  second-harmonic  wave 
leads  to  a  ray  spot,  coinciding  with  the  fundamental  ray. 


FIG.  4.  Schematic  intensity  distributions  at  the  funda¬ 
mental  and  second-harmonic  frequency,  as  a  function  of 
the  direction  of  the  wave  normal  of  incident  fundamental 
mode,  polarized  in  the  a  direction. 

the  effects  of  the  rotary  power 

f  =  7r€2/4(s-r)A0  (4) 

may  be  ignored. 2 

The  experimental  conditions  described  in  Sec. 
n  are  so  chosen  as  to  satisfy  the  geometry  in  Fig. 

1  and  the  conditions  of  Eqs.  (2)  and  (3).  Photo¬ 
graphs  of  the  fundamental  and  second- harmonic 
intensity  patterns  for  a  range  of  angles  in  the  vi¬ 
cinity  of  the  optic  axes  are  presented  in  Sec.  II. 

A  more  detailed  theoretical  discussion  is  given 
in  Sec.  III.  It  is  shown  that  the  general  case  of 
second- harmonic  generation  in  biaxial  crystals  is 
considerably  more  complex  than  the  special  geo¬ 
metry  discussed  in  this  Introduction.  Quantitative 
theoretical  considerations,  applied  to  the  experi¬ 
mental  geometry,  confirm  the  rather  qualitative 
and  intuitive  arguments  given  in  this  Introduction. 
These  are  summarized  in  Fig.  4. 

II.  EXPERIMENTAL  METHOD  AND  RESULTS 
A.  Properties  of  a-iodic  acid 

a-iodic  acid  was  suggested  in  the  first  publica¬ 
tion  on  nonlinear  conical  refraction.3  It  has  a 
rather  large  cone  angle  2 p  and  can  be  grown  in 
crystals  of  good  optical  quality  with  linear  dimen¬ 
sions  of  several  cm.  Thus  the  condition  of  Eq.  (2) 
is  readily  satisfied.  Furthermore,  a-iodic  acid 
has  a  rather  large  nonlinear  susceptibility,  and 
second- harmonic  generation  is  readily  observable 
even  in  non-phasematched  conditions.7  The  crys¬ 
tal  has  orthorhombic  symmetry  D2,  so  that  the 
principal  axes  of  the  dielectric  tensor  coincide 
with  the  crystallographic  axes.  This  greatly  facil¬ 
itates  the  alignment  procedures.  The  crystal  is 
soft,  and  optical  polishing  of  the  faces  is  rather 
difficult.  Some  waviness  of  the  surface  remained, 
but  it  is  of  no  consequence  for  the  experiments  in 
this  paper.  The  crystal  used  in  these  experiments 
had  faces  perpendicular  (within  a  few  degrees)  to 
the  optic  axis  and  had  a  thickness  L—  2.4  cm. 
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TABLE  I.  Measured  values  of  du  in  a-HI03  relative  to  other  nonlinear  coefficients. 


X(pm) 

LiNb03 

(rf3i) 

KDP 

(^36^ 

Lil03 

W33) 

a-SiOo 

Wil) 

Reference 

1.06 

•  •  • 

13.1  ±  1 

1.08  ±  0.1 

16.1  ±  0.5 

Crane  (Ref.  10) 

1.065 

1.5  ±  0.5 

a  a  . 

a  a  a 

20  ±5 

Kurtz  (Ref.  7) 

1.15 

a  a  a 

10 

a  a  a 

a  a  a 

Bjorkholm  (Ref.  9a) 

Further  details  about  sample  preparation  may  be 
found  in  II. 

The  index  of  refraction  data,  measured  by  Kurtz 
et  al.  ,7  are  listed  in  Table  I.  From  these  one 
computes  the  angle  between  the  optic  axis  and  the 
z  axis. 

7j  =  arc  tan[(e;1  -e;’)]1/2.  (5) 

The  variation  of  r\  with  frequency  is  related  to  the 
dispersion  of  the  indices  by 

■in-V”,~WvV/Y  An*  l  AWv  I  fov \ 

2 \ny-nzj  \nx-nz  nx-ny  (nx  -  ne)(nx  -  ny)/  ' 

(6) 

If  the  index  of  refraction  measurements  are  good 
to  0.0001,  then 

0. 1°. 

This  does  not  account  for  the  large  scatter  in  the 
calculated  values  (shown  as  dots  in  Fig.  5).  In  the 
originally  proposed  experiment  which  relied  on  the 
calculated  dispersion,  the  1.06-pm  optic  axis  was 
expected  to  be  0.  008  rad  from  the  second- harmonic 
optic  axis.  This  separation  was  found  to  be  less 


than  0.  002  rad.  Since  the  dispersion  of  the  optic 
axes  is  very  important  in  the  interpretation  of  the 
nonlinear  conical  refraction  results,  it  was  decid¬ 
ed  to  measure  the  dispersion  of  the  optic  axis  di¬ 
rectly  by  a  conoscopic  method.  This  procedure 
also  serves  to  align  the  crystal  accurately. 

Since  each  principal  dielectric  axis  coincides 
with  the  same  crystallographic  axis  throughout  the 
range  2tu  to  w,  the  optic  axes  of  this  frequency 
range  lie  in  the  same  crystallographic  plane,  the 
optical  x-z  plane.  The  alignment  was  performed 
by  using  colinear  beams  of  an  argon- ion  laser  at 
454.  5  nm  and  a  helium-neon  laser  at  632.  8  nm,  as 
shown  in  Fig.  6.  A  lens  with  focal  length  of  100 
cm  was  used  to  focus  the  light  beams  on  the  face 
of  the  crystal.  The  crystal  was  mounted  on  the 
u  state  of  a  Leitz  four- axis  universal  stage,  and 
adjusted  with  the  inner  degrees  of  freedom  of  tilt 
and  rotation  so  that  the  outermost  axis  was  par¬ 
allel  to  the  y  axis.  This  could  be  verified  by  ob¬ 
serving  conical  patterns  at  the  red  and  blue  wave¬ 
length,  respectively,  by  turning  the  crystal  1.  3r 
about  the  y  axis.  After  the  crystal  has  been  so 
oriented,  the  dispersion  of  the  optic  axes  was  mea¬ 
sured  at  a  number  of  other  laser  frequencies  giv¬ 
ing  rise  to  the  square  points  in  Fig.  5. 


FIG.  5.  Dispersion  of  the  optic  axis  in  a-HI03,  which 
makes  an  angle  r\  with  the  crystallographic  z  axis. 

Solid  squares  are  our  experimental  data;  solid  circles 
are  calculated  from  indices  of  refraction. 


FIG.  6.  Experimental  arrangement  to  align  the  bi¬ 
axial  orthorhombic  crystal. 
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FIG.  1 .  Apex  cone  angle  in  o-iodic  acid  as  a  function 
of  wavelength,  computed  from  index  of  refraction  data. 


The  cone  angle,  given  by  Eq.  (1),  is  about  3.  5° 
at  500  nm  and  decreases  to  3°  in  the  near  infrared. 
The  data  computed  from  the  index  of  refraction  are 
shown  in  Fig.  7. 

The  nonlinear  susceptibility  elements  x(3)  are  only 
nonvanishing  if  all  three  Cartesian  indices  are  dif¬ 
ferent,  in  the  orthorhombic  D2  symmetry  which 
has  three  orthogonal  two  fold  axes  (2,  2,  2).  For 
second-harmonic  generation  in  a- iodic  acid,  one 
has  three  independent  coefficients. 


FIG.  8.  Second-harmonic  coherence  length,  at  vari¬ 
ous  wavelengths,  for  small  variations  in  direction  near 
the  optic  axis  in  q-HI03.  fi  is  the  angle  with  respect  to 
the  crystal’s  z  axis.  The  solid  circles  mark  the  values 
at  the  SH  optic  axis . 


Since  the  wave  normals  are  required  to  lie  in  the 
vicinity  of  the  optic  axis,  it  would  be  fortuitous,  if 
a  phase- matching  condition  were  satisfied.  The 
coherence  length  is  given  by 


L 


TTC 


2u>  ny( 2cu)  -  Wj,(u>) 


7 r 


(8) 


dU  =Xxyz(-2cO,  U),  cu)  =Xxzv(-2w,  U>,  0>), 

rf25  =  Xy«(-2at,  O),  u>)  =xy«(-2co,  u>,  w), 

d36  =x*%y(-2cu,  O),  w)  =Xw(-2u>,  Ct>,  Cu). 

The  difference  between  these  three  coefficients, 
due  to  nonlinear  dispersion,  is  rather  small  and 
may  be  ignored  for  our  purposes.  This  leads  to 
the  Kleinman  symmetry  condition8  dH=d25—d36. 
This  nonlinear  coefficient  has  been  measured  by 
various  authors7’9*11  relative  to  quartz,  KDP  and 
LiI03,  as  shown  in  Table  I.  The  absolute  value 
which  results  is 


as  the  index  of  refraction  for  light  propagating 
near  the  optic  axis  is  the  same  for  the  u  and  y  di¬ 
rection.  The  coherence  length  is  indeed  short, 
less  than  5  pm,  and  is  plotted  for  different  funda¬ 
mental  wavelengths  in  Fig.  8.  The  variation  with 
angular  orientation  is  negligible  in  the  range  of 
interest. 

The  second- harmonic  power  in  the  separated  free 
and  forced  second-harmonic  beams  is 


,  1287r5u)2(2<i,5)2(?2(cu)  sin2pcos2r) 

a'(2u)  = - 


(9) 


du(a  -  HI03)  =4x  10*8  cm/statvolt. 

For  an  input  field  linearly  polarized  along  the 
u  axis  as  described  in  Fig.  1,  the  fundamental  field 
components  inside  the  crystal  are 

Ex  —\i E0  exp (ikvr  -  iwt)  sinrj  +  c.  c.  , 

EZ=^E0  exp {ikvr  -  ioot)  cost?  +  c.  c.  . 

The  second- harmonic  polarization  is  in  they  di¬ 
rection 

Pv(2cu)  =  2d23Ex{u)Ez{u).  (7) 


where  the  power  in  the  fundamental  Gaussian  beam 
of  waist  w Q  is 

<y(u})  =  {c/8ir) \E0\2w20nw.  (10) 

As  will  be  discussed  more  fully  in  Sec.  Ill,  the 
free  and  forced  waves,  with  wave  vectors  normal 
to  the  crystal,  do  not  give  rise  to  Maker  interfer¬ 
ence  fringes,12  because  the  Poynting  vectors  in  the 
geometry  of  interest  are  sufficiently  different  so 
that  no  overlap  between  the  free  and  forced  inten¬ 
sity  is  present  at  the  exit  surface. 
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B.  Experimental  method 

The  second- harmonic  power  generation  was  first 
observed  with  the  input  pulse  of  a  Nd-glass  laser. 
Sufficient  green  light  was  readily  detectable  in  the 
unfocused  beam.  In  practice  the  laser  beam  was 
focused  to  a  waist  size  u>0  =  50-60  pm  on  the  en¬ 
trance  face.  In  this  case  both  Eqs.  (2)  and  (3)  are 
satisfied.  Thus  the  effect  of  natural  activity  may 
be  ignored,  as  the  modes  are  nearly  linearly  po¬ 
larized. 

The  far-field  diffraction  angle  for  this  spot  size 
is  about  0.  2°.  This  is  small  compared  to  the  cone 
angle  of  3.  5°,  but  large  enough  so  that  the  intensity 
pattern  did  not  become  unduly  sensitive  to  crystal 
orientation,  which  was  reproducible  to  0. 1°.  The 
finer  details  of  conical  refraction  in  a  crystal  with 
optical  activity  were  investigated  in  II,  but  the 
effects  of  rotary  power  are  not  of  interest  in  es¬ 
tablishing  the  main  characteristics  of  nonlinear 
conical  refraction.  For  a  spot  size  of  60  pm, 
most  of  the  intensity  is  associated  with  angles  6, 
satisfying  the  inequality  of  Eq.  (3).  The  eigen- 
modes  may  the  be  considered  to  have  constant 
linear  polarization. 

The  Nd-glass  laser  was  of  a  conventional  type, 
passively  Q- switched.13  The  beam  profile  was 
measured  with  a  photo  diode  array.  Diffraction 
limited  operation  was  obtained  for  a  TEM00  mode 
with  a  waist  of  600  pm,  in  0.03-J  pulses  for  120 
x  10*9  sec  duration.  The  repetition  rate  was  3 
pulses  per  minute.  The  beam  was  focused  with  a 
20-cm  focal  length  on  the  crystal,  giving  a  spot 
size  of  60  pm  on  the  crystal.  As  the  data  in  Fig. 


FIG.  9.  Experimental  arrangement  to  observe  second- 
harmonic  conical  refraction  at  0.41  pm. 


5  show,  the  optic  axes  at  1.06  and  0.  53  pm  make 
an  angle  of  less  than  0. 1°.  This  unfortunate  cir¬ 
cumstance  implies  that,  contrary  to  earlier  esti¬ 
mates,  the  conditions  of  Figs.  2  and  3  for  distin¬ 
guishable  free  and  forced  second- harmonic  cones 
could  not  be  met  at  this  wavelength. 

Most  of  the  final  data  were  therefore  taken  with 
a  fundamental  wavelength  at  0.  82  pm.  The  second 
harmonic  at  0.  41  pm  is  just  below  the  ultraviolet 
absorption  edge  of  the  crystal.  Advantage  is  taken 
of  the  large  ultraviolet  dispersion,  and  the  angle 
between  the  optic  axes  at  the  fundamental  and  sec¬ 
ond-harmonic  frequency  is  now  1.8°. 

The  fundamental  pulse  is  derived  from  a  ruby 
pumped  dye  laser,  described  by  Kramer.14  Fig¬ 
ure  9  shows  the  diagram  of  the  experimental  ap¬ 
paratus.  A  dielectric  mirror  with  a  reflectivity 
>  90%  between  0.  81  and  0.  84  pm  was  used  as  a 
rear  reflector.  The  dye  used  was  1, 1',  3,  3,  3',  3'- 
hexamethyl-indotricarbocyanine  iodide15  (Eastman 
Kodak  No.  14086)  in  reagent  grade  dimethyl  sulf¬ 
oxide.  Because  the  dye  laser  was  6  m  from  the 
crystal  mount,  a  telescope  reduced  the  beam  dia¬ 
meter  by  a  factor  of  4.  Large  focal  length  lenses, 
20  and  5.  0  cm,  were  used  to  avoid  large  aberra¬ 
tions.  A  Schott  RG-780  filter  absorbed  extraneous 
light  from  the  laser.  The  dashed  line  shows  the 
path  of  the  He-Ne  alignment  laser  and  the  dye  la¬ 
ser  beams  when  the  prism  PI  was  removed  to 
check  their  colinearity.  The  dye  laser  beam’s 
divergence  after  lens  L 5  was  0.  7  mrad.  The  ra¬ 
dius  of  the  dye  laser  beam  at  lens  LI  was  1  mm; 
the  full  angular  width  of  the  focused  beam  in  the 
crystal  was  0.4°.  The  estimated  radius  of  the  fo¬ 
cal  spot  was  60  pm.  The  laser  bandwidth  had  to 
be  narrow  enough  so  that  the  fundamental  and  sec¬ 
ond-harmonic  conical  refraction  patterns  were 
blurred  over  an  angular  range  much  smaller  than 
the  angular  spread  of  the  focused  beam  in  the  crys¬ 
tal.  As  seen  in  Fig.  5,  the  90- A  bandwidth  causes 
an  optic  axis  spread  of  about  0.1°  which  is  negligible . 

The  exit  plane  of  the  crystal  was  imaged  by  the 
lens  L2  onto  a  photographic  plate,  with  a  magnifi¬ 
cation  of  8.  The  fundamental  intensity  patterns 
were  recorded  on  hypersensitized  Eastman  Kodak 
Type  ( 1-Z )  spectroscopic  plates.  Immediate  de¬ 
velopment  after  exposure  reduced  background  fog. 

A  single  shot  produced  sufficient  exposure. 

The  second- harmonic  intensity  is  roughly  106 
times  smaller.  The  second- harmonic  photographs 
were  taken  on  Eastman  Kodak  Royal-X  4X  5  in. 
sheet  film  and  tray  developed  in  HC-110  (dilution 
A)  for  7  min,  which  gave  an  effective  ASA  of  4000. 
In  such  exposures  the  fundamental  light  was  filter¬ 
ed  out  with  a  Schott  BG-18  filter. 

It  so  happens,  however,  that  Royal-X,  an  ortho- 
chromatic  film,  has  such  a  low  sensitivity  at  1. 06 
pm  as  to  provide  a  natural  compensation  for  the 
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large  difference  between  fundamental  and  second- 
harmonic  intensity.  Thus  the  second- harmonic 
and  fundamental  patterns  could  be  simultaneously 
photographed  without  filters.  When  the  same  tech¬ 
nique  of  superposition  of  fundamental  and  second- 
harmonic  patterns  was  used  at  0.82  and  0.41  pm 
respectively,  the  0.  82  fundamental  pattern  was 
overexposed.  However,  it  did  not  obscure  the 
second-harmonic  pattern,  and  the  overexposure 
could  be  corrected  by  an  appropriate  filter.  The 
Royal-X  exposures  of  the  0.  53  pm  were  made  with 
200-1000  laser  shots;  the  0.  41-pm  exposures  were 
made  with  800-3000  laser  shots.  Polaroid  high¬ 
speed  recording  film  Type  410  was  also  used  in 
some  of  the  exposures. 

C.  Experimental  intensity  patterns 

Figure  10  shows  the  observed  intensity  patterns 
at  u  and  2w  for  the  0.82-pm  fundamental  as  the 
angle  between  the  laser  wave  vector  and  the  0.  82- 
pm  optic  axis  is  varied.  The  photographs  in  the 
top  row  are  the  fundamental  patterns;  in  the  middle 
row,  the  superposition  of  the  fundamental  and 
second- harmonic  (SH)  patterns;  and  in  the  third 
row,  the  patterns  of  the  SH  alone. 

When  the  laser  beam  coincides  with  neither  optic 
axis,  nonlinear  birefringence  is  observed.  Be¬ 
cause  the  laser  beam  was  not  completely  polar¬ 
ized  perpendicular  to  the  y  axis,  there  is  an  ex¬ 
tra  spot  seen  in  the  middle  row  of  the  1.  5°  col¬ 
umn.  This  is  the  other  birefringent  beam  of  the 
fundamental  which  is  sufficiently  weak  so  that  it 
only  appears  in  a  time  exposure. 

When  the  laser  beam  coincides  with  the  SH  op¬ 
tic  axis,  the  free  wave  is  conically  refracted  as 
is  shown  in  the  last  columns  of  Fig.  10.  The  dia¬ 


meter  of  the  conical  refraction  circle  appears 
larger  at  0.  41  pm  than  at  0.  82  pm;  this  is  in  qual¬ 
itative  agreement  with  Fig.  7.  The  observ.ed  SH 
pattern  is  complicated  by  the  effects  of  natural 
optical  activity.  The  laser  beam  has  components 
polarized  parallel  and  perpendicular  to  the  y  axis, 
due  to  the  optical  rotation  in  the  crystal,  but  the 
SH  source  polarization  is  still  given  by  Eq.  (7) 
because  the  two  fundamental  beams  are  spatially 
separated  at  the  exit  surface  of  the  crystal  and  be¬ 
cause  a  purely  y  polarized  beam  cannot  generate 
SH-source  polarization  in  a-HI03.  Therefore, 
only  one  forced  SH  spot  should  be  observed  even 
for  unpolarized  laser  light.  The  SH  intensity  pat¬ 
tern  has  two  spots,  one  of  which  corresponds  to 
the  fundamental  y  axis.  The  other  spot  is  anomal¬ 
ous  and  does  not  appear  in  the  superposition  photo¬ 
graph.  It  is  probably  caused  by  a  spurious  change 
in  orientation  of  the  crystal  between  exposures. 

When  the  laser  beam  coincides  with  the  funda¬ 
mental  optic  axis,  conical  refraction  of  the  forced 
wave  is  observed,  as  is  shown  in  the  first  and  sec¬ 
ond  columns  of  Fig.  10.  The  forced  ring  and  the 
free  spot  were  predicted  in  the  Introduction  (com¬ 
pare  Fig.  2). 

For  orientations  containing  neither  optic  axis,  a 
forced  and  a  free  second- harmonic  ray  spot  are 
seen.  Thus  the  patterns  are  at  least  in  qualitative 
agreement  with  the  expectations  of  the  Introduc¬ 
tion,  shown  in  Fig.  4. 

The  intensity  patterns  produced  by  the  1. 06- pm 
fundamental  are  shown  in  Fig.  11  as  a  function  of 
the  angle  of  the  laser  beam  with  respect  to  the 
fundamental  optic  axis.  The  optic  axes  at  1. 06 
and  0.  53  pm  are  very  nearly  colinear,  and  a  su¬ 
perposition  of  forced  and  free  ring  patterns,  which 
was  predicted  by  Shih  and  Bloembergen,4  is  ob- 
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FIG.  10.  Observed  intensity  patterns  at  the  exit  sur¬ 
face  of  a  2.4-cm  thick  crystal  of  a-iodic  acid  (magnifi¬ 
cation  8x).  The  angle  between  the  light  wave  vectors 
and  the  optical  axis  at  the  fundamental  wavelength  (0.82 
pm)  is  varied  as  indicated.  The  total  power  at  the 
second  harmonic  is  about  one  millionth  of  the  funda¬ 
mental  power. 
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FIG.  11.  Intensity  patterns  at  1.06  and  0.53  pm  as  a 
function  of  the  angle  between  the  wave  normal  and  the 
fundamental  optic  axis.  The  SH  optic  axis  is  in  nearly 
the  same  direction. 
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served  when  the  laser  beam  is  directed  along  the 
coincident  optic  axes.  The  good  mode  quality  of 
the  Nd- glass  laser  produces  a  well-collimated  free 
SH  wave  which  is  diffracted  in  the  same  manner  as 
the  incident  y-polarized  beam  shown  in  Fig.  5(b) 
of  II.  Parts  of  the  forced  ring  are  present,  but 
the  total  intensity  is  much  less  than  that  of  the  free 
wave.  This  is  because  the  fundamental  beam  with 
an  intensity  7(0)  at  the  entrance  surface  of  the  crys¬ 
tal  has  at  the  exit  surface  of  the  crystal  an  inten¬ 
sity  I(L)  which  is  roughly 

I(L)  =  8I{0)/4A  =/(  0)/l0. 

The  intensity  of  free  SH  wave  is 

ItTee(L)  cc  6{I(0))2/ 4A 

while  the  intensity  of  forced  SH  wave  is 

7forced(L)oc[0/(o)/-L4]2. 

Therefore, 

Jforced  (L)/7free(T)  Sl/io. 

The  relative  intensities  of  the  forced  and  the  free 
waves  are  accentuated  by  the  high-contrast  Royal- 
X  film. 

Figures  10  and  11  show  all  of  the  essential  pre¬ 
dicted  features  of  nonlinear  conical  refraction. 

The  experimental  intensity  patterns  are  not  nearly 
as  precise  as  those  obtained  for  linear  conical  re¬ 
fraction  (described  in  II),  due  to  imperfections  in 
the  crystal,  uncalibrated  photography,  and,  in  the 
case  of  the  0.  82-pm  fundamental,  poor  mode  qual¬ 
ity  of  the  laser  beam.  Further  comparison  with 
theory  will  be  postponed  to  Sec.  HI,  where  more 
detailed  theoretical  considerations  will  be  pre¬ 
sented. 


ill.  THEORETICAL  DISCUSSION  OF  NONLINEAR 
CONICAL  REFRACTION 

A.  Forced  and  free  harmonic  waves  in  a  biaxial  crystal 

When  an  unpolarized  light  beam  is  incident  at  an 
arbitrary  angle  and  polarization,  birefringence 
leads,  in  general,  to  two  diffracted  wave  vectors 
in  the  crystal,  k1F  —  (t. v/c)ntFslF  and  k2F  — 
(u)/c)n2Fs2F,  each  with  a  well-defined  linear  pol¬ 
arization.  The  induced  second- harmonic  polari¬ 
zation  will,  in  general,  consist  of  three  compo¬ 
nents  with  three  different  wave  vectors,  shown  in 
Fig.  12.  If  the  incident  and  transmitted  laser 
beams  have  finite  cross  sections,  the  harmonic- 
source  polarization  is  confined  to  the  regions 
where  beam  intensities  are  present.  The  polari¬ 
zation  Pn(2cu)  with  wave  vector  2klf  is  confined  to 


FIG.  12.  Three  wave  vectors  of  second-harmonic 
polarization. 


the  region  of  ray  1.  Similarly,  the  polarization 
P22(2cu)  is  confined  to  the  region  of  ray  2.  The 
cross  polarization  P12(2u>)  is  confined  to  the  region 
of  overlap  between  the  two  rays,  as  indicated  in 
Fig.  13.  The  wave- vector  directions  have  tangen¬ 
tial  components  equal  to,  or  twice,  the  tangential 
component  of  the  incident  wave  vector.  If  the  in¬ 
cident  wave  vector  is  normal,  all  wave  vectors  are 
normal  to  the  entrance  surface,  but  the  Poynting 
vectors  will  still  have  different  degrees  of  walk- 
off,  as  shown  in  Fig.  13. 

Second-harmonic  polarization  in  each  of  the 
three  wave-vector  modes  has  its  own  direction  and 
magnitude, 

Pr (2w)  =x|ft(-2a>,  w,  a>)£7(a>)£*",  (11) 

where  m,n  =  1,2  and  ijk  denote  Cartesian  coordin¬ 
ates. 

Select  one  of  the  three  harmonic  polarization 
sources  and  drop  the  indices  1,2. 


FIG.  13.  Spatial  distribution  of  the  second-harmonic 
polarization  with  different  wave  vectors  produced  by 
a  single  incident  fundamental  ray. 
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PI'h8(2u)  =  P0p  exp[i(2Wc)nF(s.  r )].  (12) 

The  SH  electric  field  created  by  this  source  term 
obeys  the  wave  equation 

VX  (vx  E)-?(2cu)(2u)/c)2E=47r(2u;/c)2PNLS 

(13) 

The  solution  of  this  inhomogeneous  equation  in  an 
anisotropic  crystal  was  discussed  by  Kleinman8 
and  Pershan. 16  A  particular  solution,  the  forced 
second- harmonic  wave,  is  given  by 

Elnt>  =  (A,e,  +A2e2  +A3e3)  exp[i(2<j)/c)nF(s-  r )]. 

(14) 

Here  ex  and  e2  are  the  directions  of  the  electric 
field  of  the  two  modes  at  2u>  with  wave-vector  di¬ 
rections  s.  They  are  related  by  the  dielectric  ten¬ 
sor  to  the  unit  directions  of  the  displacement  vec¬ 
tor  d{  and  d2,  which  are  normal  to  s.  Note  that 
ev  and  du  (v  =  l,2)  are  defined  by  s.  Kleinman  and 
Pershan  have  shown  that 


4ffPn  exp[i{2u/c)nF(s-  r )] 

x{dypjL±MJl).  (is) 

Here  nViS  (v  =  l,  2)  are  the  two  effective  refractive 
indices  at  2u>  associated  with  the  wave  normal  I. 
The  third  component  of  the  electric  field,  ortho¬ 
gonal  to  e{  and  e2,  is  approximately 

A3  =  -4irP0(£.e3)/<f  •  (16) 

In  general,  two  solutions  of  the  homogeneous  wave 
equation  with  amplitudes  Ax  and  A2  and  polariza¬ 
tion  directions  e,  and  e2,  must  be  added  to  the 
inhomogeneous  forced  wave  solution  to  satisfy  the 
boundary  conditions.  If  we  ignore  the  small  re¬ 
flected  harmonic  amplitudes,  the  boundary  condi¬ 
tion  is  simply  that  the  tangential  components  of 
E( 2<jj)  must  vanish.  The  total  second- harmonic 
field  is  consequently,  if  e3  is  normal  to  the  bound¬ 
ary, 


E(2u>)  =Axex{exp[i(2u/c)nF{s •  r  )]  -  exp[f(2cu/c)M!j(s-  r  )]} 

+A2e2[exp[i{2u}/c)nF{S’  r )]  -  exp[i(2Gj/c)n2S(s- r  )]}  +A3e3exp[i(2oj/c)nF(s- ?  )].  (17) 


For  each  of  the  three  source  polarization  wave 
vectors  a  solution  given  by  Eqs.  (15)—  (17)  exists. 

Considerable  simplification  can  be  obtained  by  a 
judicious  choice  of  the  incident  polarization.  In 
the  experiments  described  in  this  paper,  one  has 

p-dx  =  1,  p-s~p-e3  =  0,  p- d2  =  0, 

where  dx  is  in  they  direction.  Thus  the  SH  elec¬ 
tric  field  becomes  simply 

E(2w)=y  ^^P0{exp[i(2<jj/c)nF(s- r )] 

-  exp[f(2a>/ c)ny(2cu)(s'  r)]}, 

(18) 

where  the  forced  and  free  plane  waves  overlap, 
they  give  rise  to  the  well  known  interference 
fringes.  Second- harmonic  conical  refraction  is, 
of  course,  essentially  connected  with  the  walk  off 
of  the  Poynting  vectors  for  beams  of  finite  dia¬ 
meter.17,18  If  the  difference  in  optic  axes  is  ap¬ 
preciable,  the  experimental  conditions  are  such 
that  the  rays  associated  with  the  free  and  forced 
solutions  do  not  overlap  at  the  exit  surface  of  the 
crystal.  Equation  (18)  shows  that  the  total  power 


associated  with  the  separated  forced  wave  is  the 
same  as  that  associated  with  the  free  wave. 

The  detailed  solution  for  a  (Gaussian)  beam  of 
finite  diameter  can  be  obtained  from  the  homogen¬ 
eous  plane-wave  solution,  by  a  two-dimensional 
Fourier  decomposition  of  the  incident  field,  cor¬ 
responding  to  a  distribution  of  direction  or  trans¬ 
verse  wave-vector  components.  This  procedure 
was  developed  by  Kleinman  et  to  discuss 

harmonic  generation  by  Gaussian  beams  in  aniso¬ 
tropic  crystals,  and  it  was  used  by  Shih  and  Blo- 
embergen4  to  calculate  SH  conical  refraction. 

They  assumed  that  the  fundamental  beam  is  well 
collimated,  and  everywhere  parallel  to  the  funda¬ 
mental  optic  axis.  This  assumption  requires  that 
the  crystal  length  satisfies  the  inequality 

L«nvTrwl/\.  (19) 

This  requirement  means  that  the  fundamental  and 
SH  wave  vectors  to  first  order  in  6  will  give  the 
phase  at  the  exit  surface  of  the  crystal  to  a  small 
fraction  of  v.  When  the  fundamental  beam  is  di¬ 
rected  along  the  SH  optic  axis  and  polarized  per¬ 
pendicular  to  the  y  axis,  the  SH  electric  field  at 
the  exit  surface  is  given  by 
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E (u,y  ,  L)  =  —  f  d2KL  P(K± )  exp^'K^  rx) 

cn2o}  J 

x  (  et  cos|<^)(exp jiKyL)  -  exp {i[k?  -  AKX(-  cos cp  +  1)]L}) 

'  Ak  +  AK L(-  cos (p  + 1) 

.  e,  sini  (piexpiiKvL)  -  exp{f[fc,  -  AKL{-  cos(p-  1)]L})  ) 

+  - A~k^AKA-  cos* -"Tj  A  (20) 


spatial  distribution  of  second- harmonic  polariza¬ 
tion, 

P (Kj  =  exp (~iK„L)  j P( rj  exp(iKj/  rj  d2rx.  (22) 

Equation  (20)  may  be  simplified  if 

Ak  »AKj_  or  if  l Mb  «  ttwq /p. 

This  inequality  is  amply  satisfied  for  a-HI03,  with 
the  data  given  in  Sec.  n.  Equation  (20)  thus  re¬ 
duces  to 


where  Kv  is  twice  the  component  of  the  fundamental 
wave  vector  directed  along  the  optic  axis,  and 


k2  =  c)n2u  , 

(21a) 

(Kju  =  k26  coscp, 

(21b) 

(KL)y  =  k28  sirup, 

(21c) 

et  =-  sin!  <pu  +cos ^<py , 

(21d) 

e2  =  cos^cpu  +  sin  2<py . 

(21e) 

P(ku,  ky)  is  the  Fourier  transform  of  the  transverse 


E(u,y,L)  =  -^~P(u,y,L)y 

2o>  C  P(Kj 
Ak 


[d2KL 
n2uc  J 


exp(iKx-  rx) 


x  (gj  cosi</>  exp{f[&2  -AKX{- coscp  4-  1)]L}  +  e2  sin^cp  exp{i[k2  -  AKL(- coscp  -  1)]L}).  (23) 


With  If,,  and  k2  constant,  Eqs.  (22)  and  (23)  des¬ 
cribe  the  SH  electric  fields  only  if  the  near-field 
condition  [Eq.  (19)]  holds.  The  validity  of  Eq.  (22) 
may  be  extended  to  the  far  field  if  one  allows  for  a 
dependence  of  the  longitudinal  phase  factors  on  the 
transverse  direction,  and  writes 

KV=KV( Kx)  and  k2  =  k2(KL). 

The  integral  may  be  evaluated  by  the  method  of 
stationary  phase,  which  does  not  require  the  phase 
to  be  accurately  known  in  order  to  yield  useful  in¬ 
formation,  or  by  numerical  integration,  provided 
the  wave  vectors  are  calculated  exactly  rather  than 
to  only  first  order.  These  procedures  have  been 
discussed2  in  detail  for  linear  conical  refraction 
patterns  in  I  and  II.  The  amplitude  part  of  the 
integrand  is  zero  order  in  6,  but  this  is  sufficient¬ 
ly  accurate. 

Equation  (23)  shows  explicitly  that  the  forced 
SH  electric  fields  are  spatially  confined  to  the  re¬ 
gions  of  SH-source  polarization  regardless  of  the 
■stationary  points  of  the  phase  of  the  forced  wave. 


I  '  ~ 

This  is  true  in  the  near  as  well  as  the  far  field. 
Equation  (23)  may  be  considered  as  a  Fourier  in¬ 
tegral  superposition  of  Eq.  (L8). 

The  free  or  homogeneous  wave-normal  bundles 
in  Eqs.  (18)  and  (23)  have  the  same  Poynting  vec¬ 
tors  as  the  free  solutions  discussed  in  II.  When 
the  free  wave-vector  bundle  is  directed  along  the 
SH  optic  axis,  the  corresponding  Poynting  vectors 
lie  on  a  cone.  The  intensity  distribution  in  the  ring 
pattern  will  depend  on  pNLS .  When  the  free  wave- 
vector  bundle  does  not  contain  the  optic  axis  at 
the  second- harmonic  frequency,  the  Poynting  vec¬ 
tors  will  define  two  rays  for  arbitrary  polariza¬ 
tion. 

Application  of  Eq.  (23)  for  the  specific  geometry 
used  in  our  experiments  yields  the  following  re¬ 
sults.  Since  the  fundamental  field  has  a  wave- vec¬ 
tor  and  electric  field  direction  in  the  xz  or  uv  plane 
{<p  —  u  or  0),  the  fundamental  field  has  only  one  po¬ 
larization  mode. 

Far  from  the  optic  axes,  the  fundamental  field 
will  have  single  ray  direction,  and  so  does  the 


256 


18 


LASER  STUDIES  OF  INTERNAL  CONICAL...  III.... 


2601 


second- harmonic  forced  polarization  wave.  Since 
the  harmonic  polarization  is  in  the  y  direction, 
the  free  second- harmonic  wave  will  also  be  po¬ 
larized  in  this  direction,  and  there  is  consequently 
only  one  free  mode.  The  situation  depicted  in  the 
middle  column  of  Fig.  4  thus  results,  with  two  SH 
ray  spots  of  equal  intensity. 

When  the  fundamental  wave  vector  is  near  the 
SH,  but  not  near  the  fundamental  optic  axis,  the 
situation  of  Fig.  3  or  the  last  column  of  Fig.  4 
prevails.  The  free  wave  intensity  pattern  is  iden¬ 
tical  to  that  which  would  have  been  obtained  in  lin¬ 
ear  conical  refraction,  if  a  low  intensity  light 
beam  at  2cu,  polarized  in  the  y  direction,  had  been 
incident  on  the  crystal.  The  details  of  this  coni¬ 
cal  refraction  pattern  have  been  discussed  in  H. 
They  are  more  readily  observed  and  verified  in 
linear  experiments  described  there.  The  dominant 
feature  is  that  the  “free”  part  of  the  SH  intensity 
is  distributed  in  a  cone.  The  “forced”  part  is  still 
a  single  ray,  coinciding  with  the  one  fundamental 
ray  direction. 

When  the  fundamental  wave-vector  bundle  con¬ 
tains  the  direction  of  the  fundamental  optic  axis, 
the  field  distribution  at  the  fundamental  frequency 
can  again  be  calculated  in  detail  by  the  methods 
of  II.  The  polarization  associated  with  wave-vec¬ 
tor  components  in  the  immediate  vicinity  of  the 
optic  axis  will  be  rotated  by  natural  optical  ac¬ 
tivity.  A  very  small  fraction  of  fundamental  in¬ 
tensity  is  so  affected,  as  rotary  power  £  at  infra¬ 
red  frequencies  is  small. 2  Most  of  the  fundament¬ 
al  intensity  is  associated  with  wave-vector  direc¬ 
tions  satisfying  Eq.  (3).  The  polarization  for 
these  components  remains  linearly  polarized,  and 
their  intensity  is  spread  into  a  conical  pattern. 

They  produce  a  second- harmonic  polarization  in 
the  y  direction,  confined  to  the  same  conical  mant¬ 
le  as  the  fundamental  intensity.  The  free  second- 
harmonic  wave  is  also  polarized  in  the  y  direction 


and  gives  rise  to  a  single  second- harmonic  free 
spot.  Thus  Eq.  (23)  reproduces  the  situation 
sketched  in  Fig.  2  and  the  first  column  of  Fig.  4 
in  this  geometry. 

The  theory  of  second- harmonic  conical  refrac¬ 
tion  is  in  essential  agreement  with  the  experiment¬ 
al  observations,  shown  in  Fig.  10.  The  experi¬ 
mental  patterns  are  not  nearly  as  precise  as  those 
obtained  for  linear  conical  refraction  described  in 
I  and  II.  It  is  not  possible  to  obtain  intensity  dis¬ 
tribution  with  the  same  precision  due  to  uncali¬ 
brated  photography,  crystal  imperfections,  and 
poorer  mode  quality  of  the  incident  high- power  la¬ 
ser  pulses,  especially  at  the  0.82-pm  fundamental 
wavelength.  In  principle,  Eq.  (23)  could  be  eval¬ 
uated  with  the  same  precision  as  in  the  linear 
case.  Because  the  data  is  only  semiquantitative, 
a  satisfactory  semiquantitative  comparison  with 
the  theory  requires  the  calculation  of  the  expected 
two-dimensional  SH  intensity  pattern.  This  re¬ 
quires  the  detailed  calculation  of  the  two-dimen¬ 
sional  fundamental  field  pattern,  and  thus  the 
square  of  the  computing  time  required  for  the  one¬ 
dimensional  intensity  profiles  shown  in  II.  The 
same  degree  of  quantitative  agreement  is  simply 
not  obtainable  in  the  nonlinear  case.  The  experi¬ 
mental  demonstration  of  the  essential  features  of 
the  theory  must  suffice. 

Although  the  discussion  has  been  limited  to  sec¬ 
ond-harmonic  generation,  it  is  clear  that  similar 
arguments  would  apply  to  other  nonlinear  process¬ 
es  of  parametric  generation. 
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02138,  USA 


The  development  of  masers  and  lasers  has  been  reviewed  in  the  1964 
Nobel  lectures  by  Townes  (1)  and  by  Basov  (2)  and  Prokhorov  (3).  They 
have  sketched  the  evolution  of  the  laser  from  their  predecessors,  the 
microwave  beam  and  solid  state  masers.  Lasers  are  sources  of  coherent 
light,  characterized  by  a  high  degree  of  monochromaticity,  high  direc¬ 
tionality  and  high  intensity  or  brightness.  To  illustrate  this  last 

property,  consider  a  small  ruby  laser  with  an  active  volume  of  lcc. 

18 

In  the  Q-switched  mode  it  can  emit  about  10  photons  at  694  nm  wavelength 

—8 

in  about  10  sec.  Because  the  beam  is  diffraction  limited,  it  can 

-6  2 

readily  be  focused  onto  an  area  of  10  cm  ,  about  ten  optical  wave- 

13  2 

lengths  in  diameter.  The  resulting  peak  flux  density  is  10  watts/cm  . 

Whereas  0.1  Joule  is  a  small  amount  of  energy,  equal  to  that  consumed 

by  a  100  watt  light  bulb,  or  to  the  heat  produced  by  a  human  body,  each 

2 

one-thousandth  of  a  second,  the  power  flux  density  of  10  terawatts/cm 
is  awesome.  It  can  be  grasped  by  noting  that  the  total  power  produced 
by  all  electric  generating  stations  on  earth  is  about  one  terawatt. 

(The  affix  "tera"  is  derived  from  the  Greek  Tepaa  =  monstrosity,  not 

*©The  Nobel  Foundation  1982.  » 
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from  the  Latin  "terra"!)  Indeed,  from  Poynting's  vector  it  follows 

g 

that  the  light  amplitude  at  the  focal  spot  would  reach  10  volts/cm, 
comparable  to  the  electric  field  internal  to  the  atoms  and  molecules 
responsible  for  the  binding  of  valence  electrons.  These  are  literally 
pulled  out  of  their  orbits  in  multiphoton  tunneling  processes,  and 
any  material  will  be  converted  to  a  highly  ionized  dense  plasma  at 
these  flux  densities.  It  is  clear  that  the  familiar  notion  of  a  linear 
optical  response  with  a  constant  index  of  refraction,  i.e.,  an 
induced  polarization  proportional  to  the  amplitude  of  the  light  field, 
should  be  dropped  already  at  much  less  extreme  intensities.  There  is 
a  nonlinearity  in  the  constitutive  relationship  which  may  be  expanded 
in  terms  of  a  power  series  in  the  electric  field  components, 


P . 
1 


„(1)-.  „(2)„  „ 
X- •  L .  +  Y.b.L 
A1]  i  Ai:k  3  k 


(3) 

+  x.  ./.E.E.  E_  + 
Ai3kl  3  k  1 


(1) 


Such  nonlinearities  have  been  familiar  at  lower  frequencies  for  over 
a  century.  For  example,  power  and  audio  engineers  knew  about  the 
nonlinear  relationship  between  magnetic  field  and  induction,  B  =  y(H)H, 
in  transformers  and  solenoids  containing  iron.  Waveform  distortion 
results  (4) .  Such  nonlinear  phenomena  at  optical  frequencies  are 
quite  striking  and  can  readily  be  calculated  by  combining  the  nonlinear 
constitutive  relation  (1)  with  Maxwell's  equations.  In  the  first 
decade  of  this  century  Lorentz  (5)  calculated  with  the  electron 

modeled  as  a  harmonic  oscillator.  If  he  had  admitted  some  anharmonicity , 
he  could  have  developed  the  field  of  nonlinear  optics  seventy  years 
ago.  It  was,  however,  not  experimentally  accessible  at  that  time,  and 
Lorentz  lacked  the  stimulation  from  stimulated  emission  of  radiation. 
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Nonlinear  effects  are  essential  for  the  operation  of  lasers. 

With  dye  lasers  it  is  possible  to  cover  the  range  of  wavelengths  from 
350-950  nm  continuously,  including  the  entire  visible  spectrum.  A 
variety  of  nonlinear  processes,  including  harmonic  generation,  parametric 
down  conversion  and  the  stimulated  raman  effects  extend  the  range  for 
coherent  sources  throughout  the  infrared  and  into  the  vacuum  ultraviolet. 
Thus  the  field  of  nonlinear  laser  spectroscopy  could  be  developed 
rapidly  during  the  past  two  decades,  aided  considerably  by  previous 
investigations  of  related  phenomena  at  radiofrequencies.  It  is,  there¬ 
fore,  appropriate  to  start  this  review  by  recalling  some  nonlinear 
phenomena  first  discovered  in  the  field  of  magnetic  resonance . 

Nonlinear  Precursors  in  Magnetic  Resonance 

As  a  graduate  student  of  Professor  E.  M.  Purcell  at  Harvard  University, 

I  studied  relaxation  phenomena  of  nuclear  magnetic  resonance  in  solids  , 
liquids  and  gases.  A  radiofrequency  field  at  resonance  tends  to 
equalize  the  population  of  two  spin  levels ,  while  a  relaxation  mechanism 
tries  to  maintain  a  population  difference,  corresponding  to  the  Boltz¬ 
mann  distribution  at  the  temperature  of  the  other  degrees  of  freedom 
in  the  sample.  The  reduction  in  population  difference  is  called 
saturation.  It  is  a  nonlinear  phenomenon,  as  the  magnitude  of  the 
susceptibility  tends  to  decrease  with  increasing  field  amplitude.  In 
1946  we  found  that  "a  hole  could  be  eaten",  or  a  saturation  dip  could 
be  produced,  in  an  inhomogene ou sly  broadened  line  profile  (6).  Figure  la 
shows  the  proton  spin  resonance  in  water,  broadened  by  field  inhomo¬ 
geneities  of  the  available  magnet.  Figures  lb  and  lc  show  saturation 
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A 

Fig.  I.  (after reference 6). a) Inhomoge¬ 
neous  broadened  profile  of 
NMR  in  water,  b)  Saturation 
dip  in  inhomogeneous  profile, 
observed  in  1946.  c)  As  in  b),  but 
with  longer  delay  between  pump 
signal  and  probing  scan. 

of  a  particular  packet  in  the  distribution,  which  is  subsequently  probed 
by  sweeping  through  the  resonance  with  a  weaker  signal  after  various  time 
intervals.  The  disappearance  rate  of  the  hole  is  determined  by  the 
spin  lattice  relaxation  time.  This  was  also  the  first  indication  of 
the  extremely  sharp  features  of  NMR  lines  in  liquids, due  to  motional 
narrowing,  on  which  the  widespread  use  of  NMR  spectroscopy  is  founded. 

If  two  pairs  of  levels  have  one  level  in  common,  saturation  of  one 
resonance  may  influence  the  susceptibility  at  another  resonance.  This 
was  also  observed  early  in  NMR  in  spin  systems  with  quadrupole  splitting 
and  quadrupolar  relaxation  (7) .  The  detection  of  Hertzian  resonances 
by  optical  methods  described  by  Kastler  (8)  is  another  manifestation 
of  this  phenomenon.  A  change  in  the  population  of  sublevels  with  dif¬ 
ferent  values  of  the  spatial  quantum  number  m  induced  by  a  radio- 

u 
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frequency  field  produces  a  change  in  the  polarization  of  the  emitted 
light.  The  Overhauser  effect  (9)  describes  the  change  in  population 
of  nuclear  spin  levels  in  metals  (10)  due  to  an  application  of  a  micro- 
wave  field  at  the  electron  spin  resonance.  Both  optical  and  microwave 
pumping  methods  have  been  used  to  obtain  nuclear  spin  polarized  targets 
(11)  . 


It  is  possible  to  maintain  a  steady  state  inverted  population,  in 
which  a  level  with  higher  energy  is  more  populated  than  another  level 
with  lower  energy  (12) .  This  pair  of  levels  may  be  said  to  have  a 
negative  temperature.  The  principle  of  the  method,  displayed  in  Fig.  2, 
is  based  on  frequency  selective  pumping  between  a  pair  of  nonadjacent 
energy  levels,  with  the  simultaneous  action  of  a  suitable  relaxation 
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Fig.  2.  Energy  level  diagram  of  Cr3+  in  ruby.  Note  change  in  vertical 
scale  between  microwave  maser  and  optical  laser  action. 


mechanism.  The  pump  tends  to  establish  a  high  temperature  for  a  pair 
of  levels  separated  by  a  higher  frequency,  while  at  the  same  time 
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relaxation  maintains  a  low  temperature  between  a  pair  with  a  smaller 
frequency  separation.  Stimulated  emission  will  dominate  over  absorption 
at  the  third  pair  of  a  three-level  system.  Basov  and  Prokhorov  (13) 
had  proposed  a  frequency  selective  excitation  mechanism  for  molecular 
beam  masers  without  explicit  discussion  of  relaxation. 

The  spin  levels  of  paramagnetic  ions  in  crystals  are  useful  to 
obtain  maser  action  at  microwave  frequencies.  The  stimulated  emission 
may  be  considered  as  the  output  of  a  thermodynamic  heat  engine  (14)  , 
operating  between  a  hot  pump  temperature  and  a  low  relaxation  bath 
temperature.  These  two  temperatures  occur  in  the  same  volume  element 
in  space,  while  in  a  conventional  heat  engine  there  is,  of  course,  a 
spatial  separation  between  the  hot  and  cold  parts.  The  question  of 
thermal  insulation  between  the  paramagnetic  spin  transitions  is  based 
on  frequency  differences  and  differentials  in  relaxation  rates.  This 
question  was  addressed  in  a  study  of  cross-relaxation  phenomena  (15), 
which  determine  the  heat  transfer  between  different  parts  of  the  spin 
Hamiltonian.  It  turns  out  that  concentrated  paramagnetic  salts  cannot 
be  used  in  masers,  because  no  large  thermal  differentials  can  be  main¬ 
tained  in  the  magnetic  energy  level  system.  As  a  historical  curiosity 
I  may  add  that  the  biggest  hurdle  for  me  in  working  out  the  pumping 
scheme  was  the  question  of  how  to  obtain  a  nonvanishing  matrix  element 
between  nonadjacent  spin  levels.  This,  of  course,  is  resolved  by 
using  states  which  are  a  superposition  of  several  magnetic  quantum 
numbers  m  .  This  can  be  obtained  by  applying  the  external  magnetic 
field  at  an  arbitrary  angle  with  respect  to  the  axis  of  the  crystal 
field  potential.  The  multilevel  paramagnetic  solid  state  maser  is 
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useful  as  an  extremely  low  noise  microwave  amplifier.  Such  a  maser, 
based  on  the  energy  levels  of  the  Cr3+  ion  in  ruby,  was  used,  for 
example,  by  Penzias  and  Wilson  in  their  detection  of  the  cosmic  back¬ 
ground  radiation  (16). 

The  same  principle  has  subsequently  been  used  to  obtain  a  medium 
with  gain  in  most  lasers .  It  was  incorporated  in  the  basic  proposal 
for  an  optical  maser  by  Schawl ow  and  Townes  (17) .  It  is  noteworthy 
that  the  first  operating  laser  by  Maiman  (18)  also  used  the  Cr^+  ions 
in  ruby  as  the  active  substance.  Of  course,  a  different  set  of  energy 
levels  is  involved  in  the  two  cases,  and  the  change  in  frequency  scale 
in  the  top  and  bottom  part  of  Fig.  2  should  be  noted.  The  amplitude  of 
the  laser  output  is  limited  by  a  nonlinear  characteristic,  as  for  any 
feed-back  oscillator  system.  It  is  the  onset  of  saturation  by  the  laser 
radiation  itself  which  tends  to  equalize  the  populations  in  the  upper 
and  lower  lasing  levels. 

Nonlinear  Optics 

With  the  development  of  various  types  of  lasers,  the  stage  was  set  for 
a  rapid  evolution  of  the  study  of  nonlinear  optical  phenomena.  The 
demonstration  by  Franken  and  coworkers  of  second  harmonic  generation 
of  light  by  a  ruby  laser  pulse  in  a  quartz  crystal  marks  the  origin 
of  nonlinear  optics  as  a  new  separate  subfield  of  scientific  endeavor 
(19) .  The  straightforward  experimental  arrangement  of  this  demonstration 
is  shown  in  Fig.  3. 

(2 ) 

The  lowest  order  nonlinear  susceptibility  x  in  equation  (1)  has 
only  nonvanishing  tensor  elements  in  media  which  lack  inversion  symmetry. 
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Fig.  3.  Second  harmonic  generation  of  light. 

The  polarization  quadratic  in  the  field  amplitude  leads  to  the  optical 
phenomena  of  second  harmonic  generation,  sum  and  difference  frequency 
mixing,  as  well  as  to  rectification  of  light.  These  properties  of  a 
device  with  a  quadratic  response  were,  of  course,  well  known  in  radio 
engineering.  The  photoelectric  emission  current  is  a  quadratic  function 
of  the  light  field  amplitudes,  and  it  is  modulated  at  a  difference 
frequency  when  two  light  beams  with  a  small  frequency  difference  are 
incident  on  it  (20)  . 

(2) 

In  general,  the  terms  in  X  provide  a  coupling  between  sets  of 

three  electromagnetic  waves.  Each  wave  has  its  own  frequency  ,  wave 

vector  ,  state  of  polarization  e_^,  as  well  as  a  complex  amplitude 

(3) 

E^  =  exp(i<})J.  In  the  same  manner  the  term  in  X  causes  a  coupling 
between  four  electromagnetic  waves.  A  general  formulation  of  three- 
and  four-wave  light  mixing  was  developed  by  our  group  at  Harvard  (21) . 
The  quantum  mechanical  calculation  of  the  complex  nonlinear  suscepti¬ 
bilities,  based  on  the  evolution  of  the  density  matrix,  was  also  quickly 
applied  to  optical  problems  (22)  .  Generalizations  of  the  Kramers- 
Heisenberg  dispersion  formula  result.  The  nonlinear  susceptibilities 
are  functions  of  several  frequencies  and  have  more  than  one  resonant 
denominator.  They  are  tensors  of  higher  order,  and  each  element  has  a 
real  and  an  imaginary  part ^ in  the  presence  of  damping.  They  describe 
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a  large  variety  of  nonlinear  optical  effects.  At  the  same  time 

Akhmanov  and  Khokhlov  (23)  also  extended  the  formulation  of  parametric 

nonlinearities  from  the  radiofrequency  to  the  optical  domain. 

Returning  to  the  generation  of  optical  second  harmonics  in 

transparent  piezo-electric  crystals,  the  problem  of  momentum  matching 

the  conversion  of  two  fundamental  quanta  to  one  quantum  at  the 

second  harmonic  frequency  presents  itself.  Due  to  color  dispersion, 

one  usually  has  k^  -  2k^  =  Ak  ^  0 .  The  mismatch  in  phase  velocities 

between  the  second  harmonic  polarization  and  the  freely  propagating 

wave  at  2u)  leads  to  the  existence  of  two  waves  at  2co  in  the  nonlinear 

crystal ,  a  forced  one  with  wave  vector  k  =  2k,  and  another  with 

~s  ~1 

wave  vector  kT  =  k^ ,  for  a  freely  propagating  wave  at  2co.  In  addition, 

there  is  a  reflected  second  harmonic  wave  with  wave  vector  k  . 

~R 

Figure  4  depicts  the  geometry  for  the  case  that  the  nonlinear  crystal 
is  embedded  in  a  liquid  with  a  higher  linear  index  of  refraction. 
Conservation  of  the  components  of  momentum  parallel  to  the  surface 
determines  the  geometry  (24).  The  amplitudes  of  the  free  waves,  which 
are  solutions  of  the  homogeneous  wave  equations  are  determined  by 
the  condition  that  the  tangential  components  of  the  second  harmonic 
electric  and  magnetic  field  at  the  boundary  are  continuous.  Thus  a 
very  simple  procedure,  based  on  conservation  of  the  component  of 
momentum  parallel  to  the  boundary,  yields  the  generalizations  of  the 
familiar  optical  laws  of  reflection  and  refraction  to  the  nonlinear 
case  (24) .  Table  I  illustrates  the  enormous  compression  in  the  time 
scale  of  the  development  of  linear  and  nonlinear  geometrical  optics. 

This  compression  is  made  possible ,  of  course ,  by  the  establishment 
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of  a  general  formulation  of  electromagnetic  phenomena  by  Maxwell  in 
the  second  half  of  the  nineteenth  century.  •  Lorentz  showed  in  his  Ph.D. 
thesis  (25)  how  the  laws  of  linear  reflection,  recorded  by  Hero  of 
Alexandria  (first  century  A.D.),  Snell's  laws  (1621)  and  Fresnel's 
laws  (1823)  for  the  intensities  and  polarizations  all  followed  from 
Maxwell's  equations. 


Fig.  4.  Wave  vectors  of  fundamental  and  second  harmonic  light  waves  at  the  boundary 
of  a  cubic  piezoelectric  crystal  immersed  in  an  optically  denser  fluid. 

It  is  also  suggested  by  the  geometry  of  Fig.  4  that,  on  increasing 
the  angle  of  incidence  9^,  nonlinear  analogues  for  total  reflection 
and  evanescent  surface  waves  should  occur.  Indeed,  all  such  predictions 
have  been  verified  (26)  ,  and  in  particular  the  nonlinear  coupling 
between  surface  excitations  is  of  active  current  interest  (27)  .  In 
1833  Hamilton,  who  was  to  formulate  Hamiltonian  mechanics  three  years 
later,  predicted  the  phenomenon  of  conical  refraction  based  on  Fresnel's 
eljuations  of  light  propagation  in  biaxial  optical  crystals..  The  experi¬ 
mental  confirmation  in  the  same  year  by  Lloyd  was  considered  a  triumph 
of  the  Fresnel  equations  for  the  elastic  nature  of  optical  propagation! 
The  time  lag  between  the  prediction  of  nonlinear  conical  refraction  and 
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its  experimental  confirmation  was  much  longer  (28) ,  as  shown  in  Table  I. 
In  the  twentieth  century  the  description  of  electromagnetic  propagation 
is  not  in  doubt,  and  most  researchers  were  too  busy  with  more  important 
applications  of  laser  beams  than  the  rather  academic  problem  of  nonlinear 
conical  refraction. 

The  parametric  coupling  of  light  waves  in  a  nonabsorbing  medium 
may  be  considered  as  the  scattering  of  photons  between  eigenmodes  or 
waves  of  the  electric  field  by  the  material  nonlinearity.  Heisenberg 
(29)  and  others  had  discussed  an  intrinsic  nonlinearity  of  the  vacuum. 


TABLE  I.  Historical  dates  of  linear  and  nonlinear  optical  laws. 


Linear 

Nonlinear 

Law  of  Reflection 

1st  century 

1962 

(Hero  of  Alexandria) 

(Bloembergen 

and  Pershan) 

Law  of  Refraction 

1621 

1962 

(Snell) 

(Bloembergen 

and  Pershan) 

Intensity  of  Reflected 

1823 

1962 

and  Refracted  Light 

(Fresnel) 

(Bloembergen 

and  Pershan) 

Conical  Refraction 

Theory 

1833 

1969 

(Hamilton) 

(Bloembergen 

and  Shih) 

Experiment 

1833 

1977 

(Lloyd) 

(Schell  and 

Bloembergen) 

The  virtual  intermediate  states  in  that  process  are  the  electron-hole 

pair  creation  states  which  lie  about  a  million  times  higher  in  energy 

than  the  excited  states  of  electrons  bound  in  a  material  medium.  Since 

the  energy  mismatch  of  the  intermediate  states  enters  as  the  cube  in 

(3) 

the  expression  of  X  /  the  vacuum  nonlinearity  has  not  been  detected. 
It  would  be  difficult  to  exclude  the  nonlinear  action  of  one  atom  or 
molecule  in  the  focal  volume  of  extremely  intense  laser  beams  used  in 
attempts  to  detect  the  nonlinearity  of  vacuum. 
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In  parametric,  nondissipative  processes  the  energy  and  momentum 

between  incident  and  emerging  photons  must  be  conserved,  LfiiO.  =  0 

i  1 

and  E  fz  k .  =  0,  where  the  frequencies  and  wave  vectors  of  the  incident 
i  ~1 

photons  are  taken  to  be  negative.  As  noted  above,  color  dispersion 
generally  gives  rise  to  a  momentum  mismatch  Ak  =  -  2k^ .  This 

limits  the  active  volume  of  emission  to  a  layer  of  thickness  |Ak| 

It  is  possible,  however,  to  compensate  the  color  dispersion  by  optical 
birefringence  in  anisotropic  crystals.  This  was  demonstrated  indepen¬ 
dently  by  Giordmaine  (30)  and  by  Terhune  (31).  For  Ak  =  0 ,  the 
polarization  in  all  unit  cells  in  the  crystal  contributes  in  phase  to 
the  second  harmonic  field,  and  if  the  crystal  is  long  enough  and  the 
light  intensity  high  enough,  the  fundamental  power  may  be  quantita¬ 
tively  converted  to  second  harmonic  power  (21)  .  Phase  coherence  is 
essential.  For  random  phases  the  final  state  would  be  one  of  equi- 
partition  with  equal  power  in  the  fundamental  and  the  second  harmonic 
mode.  More  than  eighty  percent  of  the  fundamental  power  at  1.06  ym 
wavelength  in  a  large  pulsed  Nd-glass  laser  system  has  recently  been 
converted  to  third  harmonic  power  (32)  at  0.35  nm.  In  the  first  step 
two-thirds  of  the  fundamental  power  is  converted  to  second  harmonic 
power.  Then  equal  numbers  of  fundamental  and  second  harmonic  photons 
are  combined  to  third  harmonic  photons  in  another  crystal.  This 
conversion  may  be  important  for  the  inertial  confinement  of  fusion 
targets,  as  the  laser-plasma  coupling  is  improved  at  higher  frequencies 
The  Manley-Rowe  relations,  which  describe  the  balance  in  the  photon 
fluxes  of  the  beams  participating  in  a  parametric  process,  are  here 
put  to  practical  use.  A  few  simple  conservation  laws  thus  determine 
many  fundamental  features  of  nonlinear  optics . 
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Nonlinear  Spectroscopy 


Processes  which  are  described  by  the  imaginary  part  of  the  nonlinear 
•  .  •  ( 3 )  " 

susceptibility,  x  ,  include  saturation  and  cross  saturation,  two- 

photon  absorption  and  stimulated  raman  effect.  The  corresponding  real 
(3)  » 

part  X  describes  the  intensity  dependent  index  of  refraction.  It 
plays  a  role  in  self-focusing  and  defocusing  of  light,  and  in  creating 
dynamic  optical  Stark  shifts. 

Saturation  dip  spectroscopy  is  used  extensively  to  eliminate  the 
effects  of  Doppler  broadening  in  high  resolution  spectroscopy  and  in 
frequency  stabilization  of  lasers.  Consider  the  case  of  two  traveling 
waves  incident  on  a  gas  sample  with  the  same  frequency  to,  but  with 
opposite  wave  vectors ,  k  =  -k ' .  The  wave  width  k  produces  a  saturation 
dip  in  the  Doppler  profile  for  the  velocity  packet  of  molecules  satis¬ 
fying  the  relation  u)  =  u)  -k»v  ,  where  U)  is  the  atomic  resonance 
frequency.  The  beam  in  the  opposite  direction  probes  the  packet 
satisfying  co  =  co^^-k'^v'  =  to  +  !$  *  v'.  The  two  packets  coincide  only 
for  U)  =  to  .  If  w  is  scanned  across  the  Doppler  profile,  the  probe 
beam  will  register  a  saturation  dip  exactly  at  the  center.  The  cor¬ 
respondence  with  the  NMR  situation  described  earlier  is  clear.  At 
optical  frequencies  the  effect  was  first  demonstrated  as  a  dip  in  the 
output  of  a  helium  neon  laser  (33,34),  and  is  known  as  the  Lamb  dip 
(35) .  It  is  experimentally  advantageous  to  observe  the  effect  in  an 
external  absorption  cell  with  a  strong  pump  beam  in  one  direction  and 
a  weak  probe  beam  in  the  opposite  direction.  While  the  Doppler  width 
of  the  vibrational  rotational  transition  of  methane  near  3.39  ym 
wavelength  is  about  300  MHz,  spectral  features  of  about  1  kHz  have 
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Fig.  5.  High  resolution  (<1  kHz)  saturation  spectroscopy 
of  a  '2CH4  spectral  line  near  3.39  jim  wavelength. 

Each  of  the  three  hyperfine  components  is  split  into 
a  doublet  from  the  optical  recoil  effect.  The  lower 
curve  is  the  experimental  derivative  trace  (aftei 
reference  36). 

been  resolved  by  Hall  and  Borde  (36).  Figure  5  shows  the  features  of 
the  saturation  dip,  as  the  frequency  of  the  probe  beam  was  modulated. 
Saturation  spectroscopy  reveals  not  only  a  hyperfine  structure  of  the 
molecular  transition  due  to  spin-rotational  interaction,  but  also  the 
infrared  photon  recoil  effect  which  doubles  each  individual  component. 
With  a  resolution  approaching  one  part  in  10^,  many  other  effects, 
such  as  curvature  of  the  optical  phase  fronts  and  dwell  time  of  the 
molecules  in  the  beam,  must  be  considered. 

The  frequencies  of  lasers  throughout  the  infrared,  each  stabilized 
on  the  saturation  dip  of  an  appropriate  molecular  resonance  line, 
have  been  compared  with  each  other  by  utilizing  the  nonlinear  charac¬ 
teristics  of  tungsten  whisker-nickel  oxide-nickel  point-contact 
rectifiers  (37,38).  The  difference  frequency  between  one  laser  and  a 
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harmonic  of  another  laser  is  compared  with  a  microwave  frequency,  which 
in  turn  is  calibrated  against  the  international  frequency  standard. 

Thus  it  has  been  possible  to  extend  absolute  frequency  calibrations 
to  the  visible  part  of  the  spectrum  (38) ,  as  shown  by  the  chain  in 
Fig.  6.  Since  the  wavelength  of  the  laser  is  independently  compared 
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Fig.  6.  Laser  frequency  synthesis  chain  (after  reference  38). 


with  the  krypton  source  length  standard,  it  is  possible,  to  determine 
the  velocity  of  light  (39)  with  a  precision  set  by  the  length  standard 
definition,  c  =  299  792  458.8  ±  0.2  m/s.  It  is  proposed  to  define  the 

velocity  of  light  by  international  agreement,  with  length  measurements 
then  being  tied  directly  to  the  frequency  standard. 
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The  application  of  saturation  spectroscopy  to  a  determination  of 
the  Rydberg  constant  and  many  other  spectroscopic  advances  are  discussed 
by  Schawlow  (40)  .  Further  details  may  be  found  in  several  comprehensive 
books  on  the  subject  (41-43) .  Optical  saturation  spectroscopy  has 
also  been  carried  out  in  solids,  for  example  for  Nd^+  ions  in  a  crystal 
of  LaF^.  Here  the  analogy  with  NMR  techniques  is  more  striking  (44). 

Two-photon  absorption  spectroscopy  at  optical  frequencies, 

predicted  by  Goeppert -Mayer  (45)  ,  was  first  demonstrated  by  Kaiser  and 

2+ 

Garrett  (46)  for  Eu  ions  in  CaF^ .  When  the  two  photons  have  different 
wave  vectors,  an  excitation  with  energy  2?zoo  and  wave  vector  k(co)  + 
k'(oo)  may  be  probed.  Frohlich  (47)  applied  this  wave  vector-dependent 
spectroscopy  by  varying  the  angle  between  k  and  k1  to  the  longitudinal 
and  transverse  exciton  branches  in  CuCl. 

It  was  suggested  by  Chebotayev  (48)  that  Doppler-free  two-photon 
absorption  features  may  be  obtained  in  a  gas.  Consider  again  two 
counter-propagating  beams.  Tune  the  frequency  0)  so  that  2u)  =  oo^a 
corresponds  to  the  separation  of  two  levels  with  the  same  parity.  For 
processes  in  which  one  photon  is  taken  out  of  the  beam  with  wave  vector 
k  and  the  other  photon  is  taken  out  of  the  beam  with  wave  vector 
k'  =  -k ,  all  atoms  regardless  of  their  velocity  are  resonant.  The 
apparent  frequencies  oo  +  k*v  and  co-  k*v  of  the  photons  in  the  two 
beams  in  the  rest  frame  of  an  atom  always  add  up  to  00^.  The  two- 
photon  absorption  signal  thus  exhibits  a  very  sharp  Doppler-free 
feature,  which  was  demonstrated  experimentally  in  three  independent 
laboratories  (49-51).  Thus  high  energy  levels,  including  Rydberg 
states,  of  the  same  parity  as  the  ground  state  may  be  studied  in  high 
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resolution  (52)  .  The  reader  is  again  referred  to  the  literature  for 
further  details  (41,43). 

There  is ,  of  course ,  a  close  correspondence  between  two-photon 

absorption  and  raman  processes.  A  medium  with  a  normal  population 

difference  between  two  levels  | a>  and  ]b>,  which  permit  a  raman  active 

transition,  will  exhibit  a  gain  at  the  stokes  frequency,  0)  =  00  -  ui  , 

s  L  ba 

in  the  presence  of  a  strong  pump  beam  at  oo  .  Owyoung  (53),  for  example, 
has  resolved  the  fine  structure  in  the  Q-branch  of  a  vibrational- 
rotational  band  of  the  methane  molecule  by  the  technique  of  stimu¬ 
lated  raman  scattering.  It  is  also  possible  to  compare  directly  the 
raman  gain  and  a  two-photon  absorption  loss  with  these  nonlinear  tech¬ 
niques  . 

Four-Wave  Mixing  Spectroscopy 

(3) 

The  nonlinearity  x  describes  a  coupling  between  four  light  waves, 
and  some  typical  wave  vector  geometries  which  satisfy  both  energy  and 
momentum  conservation  of  the  electromagnetic  fields  are  shown  in  Fig.  7. 
The  generation  of  a  new  beam  at  the  frequency  2oj^  -  U)2  ,  due  to  one 


(c)  (d) 


Fig.  7.  Some  typical  wave  vector  geometries  of  four-wave  light  mixing. 
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incident  beam  at  and  another  at  co^ ,  corresponding  to  the  geometry 

in  Fig.  7b,  was  first  demonstrated  by  Maker  and  Terhune  (54,55).  They 

detected  coherent  antistokes  raman  scattering  in  organic  liquids, 

(3 ) 

where  the  nonlinear  coupling  constant  x  exhibits  a  raman-type 
resonance  at  the  intermediate  frequency  oo^  -  0)  ,  as  shown  schematically 
in  Fig.  8b.  Enhancement  can  also  occur  by  a  resonance  at  the  inter¬ 
mediate  frequency  2co^.  It  is  thus  possible,  using  light  beams  at 
visible  wavelengths  in  a  transparent  crystal,  to  obtain  information 
about  resonance  and  dispersive  properties  of  material  excitations  in 
the  infrared  (56,57)  and  the  ultraviolet  (58).  An  example  of  this  type 

of  nonlinear  spectroscopy  is  shown  in  Fig.  9.  The  two-dimensional 

(3) 

dispersion  of  X  (-2oj^  +  oo^  ,0)^  ,0)^  ,-oo^)  in  CuCl  is  measured  as  2oo^  is 
varied  in  the  vicinity  of  the  sharp  exciton  resonance,  while  at  the 
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Fig.  8.  The  creation  of  a  new  beam  at  2tui-(u; by  two  incident 
beams  at  o>i  and  u>:,  respectively,  according  to  the 
geometry  of  Fig.  7b.  a)  Nonresonant  mixing,  b)  inter¬ 
mediate  raman  resonance  (coherent  antistokes  raman 
scattering,  or  CARS),  c)  Intermediate  two-photon 
absorption  resonance,  d)  One-photon  resonantly 
enhanced  CARS. 
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Fig.  9.  Two-dimensional  frequency  dispersion  of  the  nonlinear 
susceptibility  x3  >n  cuprous  chloride  (after  reference  58). 


same  time  U)  -  is  varied  in  the  vicinity  of  the  infrared  polariton 

resonance.  The  interference  of  two  complex  resonances  with  each  other, 

as  well  as  the  interference  of  their  real  parts  with  the  nonresonant 

(3 ) 

background  contribution  to  X  /  leads  to  a  direct  comparison  of  these 
nonlinearities . 

Wave  vector-dependent  four-wave  mixing  spectroscopy  by  variation 
of  the  angle  between  the  incident  beams  was  first  performed  by 
De  Martini  (59) .  The  case  of  enhancement  of  the  CARS  process  by  one- 
photon  absorptive  resonances  was  investigated  by  several  groups  (60-62) . 
Figure  8d  shows  an  example  of  this  situation.  The  CARS  technique  is 
used  to  monitor  the  composition  and  temperature  profile  in  flames. 

In  this  and  other  situations  with'  a  large  incandescent  or  fluorescent 
background,  the  coherent  technique  provides  additional  discrimination 
(63)  . 

An  important  recent  application  of  four-wave  mixing  is  phase 
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conjugation  (64)  .  Time-reversed  phase  fronts  are  obtained  by  the 
frequency-degenerate  scattering  geometry  depicted  in  Fig.  7c.  A  strong 
standing  wave  pump  field  provides  two  beams  at  go  with  equal  and  opposite 
wave  vectors,  k^  =  -k  .  The  nonlinear  medium  may  be  liquid  CS^ ,  Na 
vapor,  InSb,  an  absorbing  fluid,  a  molecular  gas,  or  any  other  medium 
(65).  A  signal  beam  at  the  same  frequency  go  has  a  wave  vector  ,  which 
makes  an  arbitrary  small  angle  with  k^ .  In  the  four-wave  scattering 
process  a  new  beam  with  wave  vector  k^  =  -k  is  created  by  the  nonlinear 
polarization 

(3)  *  -i~2  *  ~ 

P4(G0)  =  X  (-G0,G0,G0,-0J)E1E2E3e 

Note  that  not  only  the  wave  vector  but  also  the  phase  is  reversed, 
because  E^  =  | E^  |  exp(-i4>2).  This  implies  that  the  backward  wave  is 
the  time  reverse  of  the  signal  wave.  If  the  phase  front  of  the  latter 
has  undergone  distortions  in  propagation  through  a  medium,  these  will 
all  be  compensated  as  the  backward  wave  returns  through  the  same  medium. 
The  amplitude  of  the  backward  wave  may  show  gain,  because  the  parametric 
process  involved  takes  one  photon  each  out  of  the  two  pump  beams  and 
adds  one  each  to  the  signal  and  its  phase-conjugate  beam.  The  process 
may  also  be  viewed  as  real-time  instant  holography  (66)  .  The  signal 
wave  forms  an  intensity  interference  pattern  with  each  of  the  pump 
beams.  The  physical  cause  for  the  grating  may  be  a  variation  in 
temperature,  in  carrier  density,  in  bound  space  charges,  in  molecular 
orientation,  depending  on  the  material  medium.  The  other  pump  reads 
out  this  hologram  and  is  scattered  as  the  phase-conjugate  wave. 

Another  variation  of  nearly  degenerate  frequency  four-wave  light 
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mixing  has  resulted  in  the  recent  demonstration  of  collision-induced 
coherence  (67).  Two  beams  at  frequency  (jO^  were  incident  in  a  vertical 
plane  on  a  cell  containing  Na  vapor  and  helium  buffer  gas.  A  third 
beam  at  a  variable  frequency  U)  is  incident  in  the  horizontal  plane. 

The  generation  of  a  beam  in  a  new  direction  in  the  horizontal  plane  is 
observed  at  frequency  .  The  intensity  of  this  new  beam  displays 

resonances  for  and  =  17  cm  ^  ,  corresponding  to  the  fine 

structure  splitting  of  the  3P  doublet  of  the  Na  atom.  These  resonances, 
however,  occur  only  in  the  presence  of  collisions.  Their  intensity 
varies  linearly  or  quadratically  with  the  partial  pressure  of  helium  (68) . 
The  paradox  that  a  phase-destroying  collisional  process  can  give  rise 
to  the  generation  of  a  coherent  light  beam  is  resolved  as  follows. 

In  four-wave  mixing  many  different  scattering  diagrams  contribute  to 
the  final  result  (60,61).  These  different  coherent  pathways  happen 
to  interfere  destructively  in  the  wave  mixing  case  under  consideration. 
Collisions  of  the  Na  atoms  destroy  this  destructive  interference. 

Higher  Order  Nonlinearities 

Higher  order  terms  in  the  perturbation  expansion  of  equation  (1)  are 
responsible  for  the  generation  of  higher  harmonics  and  multiphoton 
excitation  processes.  Akhmanov  (69)  has  studied  the  generation  of 
fourth  harmonics  in  a  crystal  of  lithium  formate  and  the  fifth  harmonic 
in  calcite .  Reintjes  et  al .  (70)  have  generated  coherent  radiation  in 

the  vacuum  ultraviolet  at  53.2  nm  and  38.02  nm,  as  the  fifth  and  seventh 
harmonic  of  a  laser  pulse  at  266  nm  which  was  focused  into  helium  gas. 
The  intensity  at  266.1  nm  was  itself  derived  by  two  consecutive  frequency 
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doublings  from  a  Nd  glass  laser  at  1.06  ym.  Radiation  at  this  infrared 
wavelength  can  induce  photoelectric  emission  from  tungsten.  The  energy 
of  four  photons  is  necessary  to  overcome  the  work  function.  This  photo¬ 
electric  current  is  proportional  to  the  fourth  power  of  the  laser 
intensity  (71). 

Studies  of  multiphoton  inoization  of  atoms  and  molecules  has  been 
pioneered  by  Prokhorov  and  coworkers  (72) .  There  is  clear  evidence 
for  ionization  of  xenon  by  eleven  photons  at  1.06  ym.  The  ion  current 
increases  as  the  eleventh  power  of  the  intensity  (73) .  The  required 
laser  intensities  are  so.  high  that  extreme  care  must  be  taken  to  avoid 
avalanche  ionization  started  by  electrons  created  from  more  readily 
ionizable  impurities. 

Atoms  and  molecules  may,  of  course,  also  be  ionized  stepwise.  A 
real  excited  bound  state  may  be  reached,  whence  further  excitation 
beyond  the  ionization  limit  proceeds.  The  spectroscopy  of  auto-ionizing 
states  has  also  been  furthered  by  multiphoton  laser  excitation  (74) . 

The  intermediate  resonances  in  the  stepwise  ionization  process 
are  species  selective.  The  ionization  of  single  atoms  may  be  detected 
with  a  Geiger-Muller  counter.  Resonance  ionization  spectroscopy  (75) 

uses  this  device  in  combination  with  one  or  more  tunable  dye  lasers . 

,  20 
The  presence  of  a  single  atom  amidst  10  atoms  of  other  species 

may  be  detected.  Thus  rare  stable  or  unstable  daughter  atoms  may  be 

identified  in  coincidence  with  the  decay  of  the  parent  atom.  Ultralow 

level  counting  may  also  aid  in  measuring  inverse  3— decay  products 

induced  by  the  solar  neutrino  flux  (75) . 

Many  polyatomic  molecules  with  absorption  features  near  the  infra- 
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red  emission  lines  from  pulsed  CO^  lasers  can  be  dissociated  without 
collisions  in  a  true  unimolecular  reaction  (76,77).  In  many  cases 

more  than  thirty  infrared  quanta  at  X  =  9.6  or  10.6  ym  wavelength  are 

* 

needed  to  reach  the  dissociation  limit.  Nevertheless  the  rate  deter¬ 
mining  the  step  appears  to  be  a  succession  of  one-photon  absorption 
(and  emission)  processes  (78) .  The  dissociation  yield  depends  on  the 
total  energy  fluence  in  the  pulse  and  is  largely  independent  of  pulse 
duration  (or  peak  intensity) .  This  may  be  understood  in  terms  of  the 
large  density  of  states  in  polyatomic  molecules  with  a  high  degree  of 
vibrational  excitation.  The  energy  absorbed  by  one  mode  is  rapidly 
shared  (equipartitioned)  with  the  other  degrees  of  freedom.  Intra¬ 
molecular  relaxation  times  in  highly  excited  polyatomic  molecules  are 

-12 

often  quite  short,  on  the  order  of  one  picosecond  (10  sec) . 

Infrared  photochemistry  of  molecules  in  highly  excited  states  has  been 
stimulated  by  the  availability  of  high  power  lasers.  Both  multiphoton 
dissociation  and  ionization  processes  can  be  applied  to  laser  isotope 
separation  (77) . 

Optical  Transients 

The  perturbation  expansion  in  equation  (1)  converges  only  if  the  Rabi 

frequency,  #~^|ex|  |e|,  proportional  to  the  magnitude  of  the  electric 

.Del 

dipole  matrix  element  and  the  field  amplitude,  is  small  compared  to 
the  detuning  from  resonance  u)  -  u)  ,  or  small  compared  to  the  homogeneous 
width  or  damping  constant  F^  of  the  resonance.  When  this  condition 
is  not  satisfied,  very  interesting  nonlinear  optical  phenomena  occur. 
They  again  have  their  precursors  in  magnetic  resonance  and  include, 


281 


among  others,  free  induction  decay  (79),  optical  nutation  (79),  optical 
echoes  (80,81)  and  split  field  resonances  (82).  The  one-to-one  corre¬ 
spondence  of  the  evolution  of  any  two-level  system  with  the  motion  of 
a  spin  1/2  system  in  magnetic  resonance  offers  a  convenient  basis  for 
description  and  also  has  heuristic  value  (83,84). 

Self-induced  transparency  (85)  describes  the  propagation  of  a 
solitary  optical  wave  or  "soliton"  which  develops  when  an  intense 
light  pulse  enters  a  material  medium  at  a  sharp  absorbing  resonance. 

The  front  part  of  the  pulse  excites  the  resonant  transition;  then 
the  excited  resonant  state  feeds  back  the  energy  to  the  trailing  part 
of  the  pulse.  The  net  result  is  that  each  two-level  member  of  the 
ensemble  executes  a  complete  revolution  around  the  effective  field  in 
the  rotating  frame  of  reference  (83)  .  In  this  2tt  pulse  no  electro¬ 
magnetic  energy  is  dissipated  in  the  medium,  but  the  propagation  velocity 
of  the  energy  is  slowed  down.  The  fraction  of  energy  stored  in  the 
medium  does  not  contribute  to  the  propagation. 

The  spontaneous  emission  process  in  the  presence  of  a  large 
coherent  driving  field  (86,87),  the  cooperative  radiation  phenomena 
associated  with  the  superradiant  state  (88) ,  and  the  statistical 
properties  (89,90)  of  electromagnetic  fields  with  phase  correlations 
have  increased  our  understanding  of  the  concept  of  the  photon. 

Short  optical  pulses  have  been  used  extensively  for  time -resolved 

studies  of  transient  phenomena  and  the  measurement  of  short  relaxation 

times.  Very  powerful  pulses  of  about  10  picosecond  (10  ^  sec) 

duration  are  readily  obtained  by  the  technique  of  mode  locking. 

•  * 

Generally , the  medium  is  excited  by  the  first  short  pulse  and  probed  by 
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a  second  pulse  with  a  variable  time  deday.  The  first  pulse,  for 
example,  may  excite  a  molecular  vibration  by  stimulated  raman  scat¬ 
tering.  This  coherent  vibration  will  interact  with  the  second  pulse 
to  give  an  antistokes  component.  A  picosecond  pulse  traversing  a 
cell  of  water  generates  a  nearly  continuous  white  spectrum  due  to 
phase  modulation.  This  white  picosecond  pulse  may  be  used  to  probe 
variations  in  absorption  due  to  the  first  pulse.  These  techniques  have 

been  developed  in  depth  by  Kaiser  (91)  and  others  (92) .  More  recently, 

-14 

the  creation  of  light  pulses  as  short  as  4  x  10  sec  has  been 
achieved . 

It  is  also  possible,  with  a  picosecond  pulse,  to  melt  a  thin 

surface  layer  of  a  metal,  alloy  or  semiconductor.  After  the  light  pulse 

is  gone,  this  layer  (10-20  run  thick)  resolidifies  rapidly  by  thermal 

13 

conduction  to  the  cool  interior.  Cooling  rates  of  10  °C/sec  are 
attainable.  Thus  it  is  possible  to  freeze  in  amorphous  phases  or  other 
normally  unstable  configurations  (93).  New  regimes  of  solid  state 
kinetics  are  thus  opened  up  for  investigation. 

Conclusion 

Nonlinear  optics  has  developed  into  a  significant  subfield  of 
physics.  It  was  opened  up  by  the  advent  of  lasers  with  high  peak  powers. 
The  availability  of  tunable  dye  lasers  has  made  detailed  nonlinear 
spectroscopic  studies  possible  throughout  the  visible  region  of  the 
spectrum,  from  0.35  to  0.9  nm.  Conversely,  nonlinear  techniques 
have  extended  the  range  of  tunable  coherent  radiation.  Harmonic 
generation,  parametric  down  conversion,  and  stimulated  raman  scattering 
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in  different  orders  have  all  extended  the  range  from  the  vacuum 
ultraviolet  (94)  to  the  far  infrared  (95) .  The  soft  X-ray  region 
still  presents  a  challenge. 

Nonlinear  optical  processes  are  essential  in  many  applications. 
Modulators  and  demodulators  are  used  in  optical  communications  systems. 
Saturable  absorption  and  gain  play  an  essential  role  in  obtaining 
ultrashort  pulses.  The  domain  of  time-resolved  measurement  may  be 
extended  to  the  femtosecond  domain.  This  opens  up  new  possibilities 
in  materials  science  and  chemical  kinetics.  A  detailed  understanding 
of  nonlinear  processes  is  essential  in  pushing  the  frontiers  of  time 
and  length  metrology,  with  applications  to  geological  and  cosmological 
questions . 

The  field  of  nonlinear  spectroscopy  has  matured  rapidly  but  still 
has  much  potential  for  further  exploration  and  exploitation.  The 
applications  in  chemistry,  biology,  medicine,  materials  technology, 
and  especially  in  the  field  of  communications  and  information  processing 
are  numerous.  Alfred  Nobel  would  have  enjoyed  this  interaction  of 
physics  and  technology. 

I  wish  to  express  my  indebtedness  to  my  coworkers  and  graduate 
students,  past  and  present,  as  well  as  co  many  colleagues,  scattered 
in  institutions  around  the  globe,  whose  work  in  nonlinear  optics  and 
and  spectroscopy,  cited  or  uncited,  is  also  honored  by  this  award. 
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